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ABSTRACT 


Title  of  Dissertation:  Regulation  of  Pituitary  3-Endorphin  Release: 

Role  of  Serotonin  Neurons 

Diana  Sapun  Malcolm,  Doctor  of  Philosophy,  1983 

Dissertation  directed  bv:  Dr.  Oregorv  P.  Mueller,  Associate  Professor, 

Department  of  Phvsiologv,  US1THS 

8-Endorphin-like  immunoreact  i.vitv  (8-END-LI)  is  present  in  high¬ 
est  concentration  in  the  anterior  (AI.)  and  intermediate  lobe  (TL)  of  the 
pituitary  gland  from  where  it  is  released  in  response  to  pain  and  other 
stimuli.  Several  lines  of  evidence  suggest  that  serotonin  neurons  influ 
ence  nociception  via  mechanisms  which  involve  opiate  receptors  and 
the  release  of  endogenous  opiate  peptides  within  the  central  nervous  sys 
tern  (CNS)  and  possibly  from  the  pituitary.  The  purpose  of  the  present 
research  was  to  determine  whether  serotonin  neurons  are  involved 
in  the  regulation  of  pituitary  0-F.ND-LI  secretion  and  therefore  provide 
evidence  for  a  functional  relationship  between  serotonergic-stimulated 
release  of  pituitarv  B-END-T.I  and  endogenous  mechanisms  of  analgesia. 

Since  the  pituitarv  is  the  maior  source  for  blood-borne  l-END-LT, 
the  effects  of  serotonergic  drugs  on  plasma  levels  of  3-END-LI  was  used 
to  studv  serotonergic  control  over  pituitarv  3-endorphin,  plasma 
3-END-LI  levels  were  measured  hv  a  RIA  which  can  detect  <10  pg  3-END^_^ 
standard  and  which  recognizes  3-KND's  precursor,  3-linotronin  (B-LPH) 
and  the  shorter  and  acetvlated  forms  of  8-END^_3i  on  an  eouimolar  basis. 
The  administration  of  serotonin  precursors,  L-trvntophan  ( TRYP )  and 
5-hvdroxv t ryptophan  (5-HTP)  elevated  plasma  levels  of  3-END-LI  in  a 
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manner  which  paralleled  changes  in  brain  serotonin  content.  Quipazine, 
a  drug  which  mimics  the  action  of  serotonin  at  its  post-synaptic 
receptor,  elevated  plasma  8-END-LI  levels  in  a  time  and  dose-related 
manner.  Furthermore,  the  rise  in  plasma  levels  of  0-END-LI  in 
response  to  quipazine  treatment  was  completely  blocked  by  cinanserin, 
a  serotonin  receptor  antagonist.  Fluoxetine,  a  drug  which  inhibits 
serotonin  reuptake  and  therefore  prolongs  serotonin's  activity  within 
the  synapse,  elevated  basal  levels  of  plasma  {3-END-LI  from  0.32  ±  .04 
ng/ml  to  1.61  ±  0.14  ng/ml  by  15  min  Dost-injection  and  this  rise  was 
significantly  attenuated  bv  cyproheptadine,  a  serotonin  receptor  blocker. 
Central  administration  of  serotonin  (5  ug,  15  min)  into  pentaharhi tal- 
anesthetized  rats  significantly  elevated  plasma  fl-END-LI  over  control 
values.  Pargylene,  a  drug  which  prolong’s  serotonin's  action  at  the 
synapse  bv  inhibiting  enzvmatic  degradation  of  serotonin,  also  ele¬ 
vated  circulating  levels  of  ft-ENO-LI  in  a  time  and  dose-related  manner. 
Taken  together,  these  results  suggest  that  serotonin  neurons  exert  a 
stimulatory  influence  over  the  secretion  of  pituitary  g-endorphin. 

Immobilization  stress  evoked  a  12-fold  rise  in  plasma  3-ENh-LI  as 
compared  to  control  values.  5, 7-Dihydroxytryptamine  (5,7-DHT),  a  sero¬ 
tonin  neurotoxin,  decreased  hypothalamic  serotonin  content  by  77%  and 
significantly  attenuated  the  rise  in  plasma  levels  of  3-F.ND-LI  released 
in  response  to  stress.  Ether  exposure  (9D  sec)  increased  hasal  levels 
of  plasma  8-END-LI  3-fold  and  potentiation  of  serotonergic  activity 
hv  fluoxetine  pretreatment  further  elevated  this  rise  in  plasma  levels 
of  e-END-LT.  Together  these  results  suggest  that  a  serotonergic  mech¬ 
anism  is  involved  in  the  stress-induced  release  of  pituitarv  6-endorohin. 


Cultured  AL  and  IL  cells  secrete  distinctive  forms  of  8-END-LI 


which  reflect  the  differential  processing  of  the  8-END  precursor  between 
the  two  lobes.  The  AL  releases  8-LPH  and  0-END^_3^,  the  only  3-END 
peptide  with  analgesic  properties.  In  contrast,  the  IL  releases  the 
shorter  and  acetylated  forms  of  3-END  which  are  not  analgesic. 

Since  S-LPH  secretion  clearly  distinguishes  S-END-LI  release  bv 
the  AL  from  the  IL,  changes  in  plasma  levels  of  B-LPH-sized  immuno- 
reactivity  [resolved  hv  gel  filtration  chromatography  (Sephadex  G-50,)) 
were  interpreted  to  reflect  3-END-LI  release  from  the  AL  in  vivo. 

TRYP,  5-HTP ,  quipazine  and  fluoxetine  treatments  all  increased  plasma 
B-END-LI  resembling  6-LPH  and  8-END  in  molecular  size  suggesting 
serotonergic  stimulation  of  S-END-j..^  from  the  AL.  Furthermore,  dexa- 
methasone,  a  drug  which  selectively  inhibits  AL  8-END-LI  release, 
lowered  circulating  levels  of  3— LPH  and  8—1 END  immunoreactivitv  in 
control  and  fluoxetine-treated  animals.  Serotonin  did  not  exert  a  di¬ 
rect  effect  on  3-END-LI  release  by  cultured  AL  (or  IL)  cells  indicating 
that  its  effects  in  vivo  are  mediated  via  actions  on  the  CNS  which  re¬ 
sult  in  the  release  of  hypothalamic  8-END  releasing  factor(s). 

In  summary,  these  findings  suggest  that  serotonin  neurons  stimu¬ 
late  the  in  vivo  release  of  3-END-LI  from  AL  cortieotrophs  and  thus  evoke 
the  release  of  opiate-active  3-END1_31  and  8-LPH  from  AL  cortieotrophs. 
This  mechanism  appears  to  mediate,  in  part,  the  basal  and  stress  secretion 
of  3-END  peptides  into  blood.  Present  in  vitro  studies  indicate  that 
serotonin  does  not  influence.  8-END-LI  secretion  bv  a  direct  action 
on  the  pituitary  gland  hut  rather  causes  the  release  of  a  hvoothalamic 
3-END  releasing  factor,  most  likelv,  corticotronin-re leasing  factor. 
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INTRODUCTION 


Historical  Perspective 

One  of  the  oldest  areas  of  biological  research  is  the  study 
of  morphine,  the  major  alkaloid  in  opium  poppy  extracts,  which 
produces  profound  effects  on  the  central  nervous  system  (CNS) 
resulting  in  a  large  variety  of  responses,  the  most  notable  of 
which  are  analgesia,  euphoria,  and  addiction.  The  discovery  of 
opiate  receptors  in  the  CNS  of  animals  (Simon  et  al.,  1973;  Pert 
&  Svnder,  lq73;  Terenius,  1973)  and  man  (Hiller  et  al.,  1973) 
raised  the  question  why  receptors  for  alkaloids  present  onlv  in 
plants  should  exist  in  the  nervous  svstem  of  mammals.  A  reasonable 
explanation  seemed  to  he  that  opiate  receptors  and  their  natural 
ligands  served  a  physiological  role  within  the  mammalian  CNS,  and 
thus  the  search  for  endogenous  ligands  for  the  opiate  receptor 
began. 

F.arlier  evidence  from  neurophysiological  studies  had  suggested 
the  existence  of  endogenous  opiate  substances.  In  1969,  Reynolds 
observed  that  electrical  stimulation  of  the  periaqueductal  gray 
region  of  the  rat  produced  analgesia.  These  studies  were  followed 
up  and  expanded  on  by  Liebeskind,  Mayer,  Akil  and  their  co  workers 
(Mayer  et  al.,  1971;  Akil  et  al.,  1976)  who  also  made  the  vital 
discovery  that  naloxone,  a  specific  opiate  antagonist,  oartiallv 
reversed  stimulation  produced  analgesia.  Furthermore,  it  was  shown 
hv  Maver  and  Haves  (lq75)  that  electricallv-inducpd  analgesia  exhibits 
cross-tolerance  with  morphine-induced  analgesia.  These  results  were 
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best  explained  on  the  basis  of  the  existence  of  an  endogenous  opioid 
substance  that  could  be  released  by  electrical  stimulation. 

The  discovery  of  an  endogenous  factor  in  extracts  of  pig  brain 
which  had  opiate-like  properties  in  in  vitro  bioassay  systems  (the 
mouse  vas  deferens  and  the  guinea  pig  ileum)  was  first  reported  by 
John  Hughes  in  1975.  Terenius  and  Wahlstrom  (1975)  independent ly 
isolated  a  water-soluble  material  from  rat  and  calf  brain  which  was 
characterized  by  its  ability  to  compete  with  labeled  opiates  for  receptor 
binding.  These  two  materials  appeared  to  be  very  similar  to  an  opioid 
material  extracted  from  calf  brain  by  Pasternak,  Goodman  and  Snyder 
(1975).  All  of  these  endogenous  opioid  substances  were  water-soluhle , 
heat-stable,  degradable  by  oeptidases,  and  had  a  molecular  weight  of 
800-1200. 

Subsequently,  the  active  factor  present  in  extracts  of  pig  brain 
was  purified  and  characterized  by  Hughes  et  al.  (1975)  and  found  to 
consist  of  two  pentapeptides .  The  pentapeptides  were  named  enkephalins 
and  were  identical  in  sequence  except  for  one  amino  acid.  Hence,  the 
two  peptides  were  distinguished  on  the  basis  of  this  amino  acid  difference 
and  accordingly  called  methionine-enkephalin  and  leucine-enkephalin. 

Both  peptides  were  found  to  resemble  morphine  in  their  actions  on  the 
guinea  pig  ileum  and  mouse  vas  deferens  bioassavs.  Interestingly, 
me thionine— enkepha lin  (met— enkephalin)  was  shown  to  be  about  20  times 
more  potent  than  morphine  in  the  hinassav,  and  leucine  enkephalin  (leu- 
enkephalin)  was  somewhat  less  potent  than  the  methionine  oentaoeptide . 

At  the  time  of  the  publication  of  the  structure  of  met-  and  leu- 
enkephalin,  Hughes  et  al.  (1975)  were  aware  of  the  occurence  of  net- 
enkephalin  in  the  carboxy-terminal  position  (positions  51-65)  of  the 
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pituitary  hormone,  8-lipotropin  (6-LPH),  isolated  from  sheep  by  C.H.  Li 
in  1964.  This  remarkable  finding  save  rise  to  the  isolation  of  a  number  of 
other  peptides  from  hypothalamus  and  pituitary  gland  extracts  which 
possessed  opioid  properties  and  shared  a  common  sequence  with  8  -LP4.  The 
proliferation  of  endogenous  opiate-like  peptides  prompted  Dr.  Eric  Simon 
to  suggest  the  name  endorphin  (for  endogenous  morphine-like  material)  for 
this  family  of  peptides. 

It  was  during  the  isolation  of  8-LPH  from  camel  pituitary  glands, 
that  Dr.  Li  and  Mr.  Chung  (1976a)  obtained  a  31  amino  acid  peptide  that 
had  an  amino  acid  sequence  identical  to  the  carboxyterminal  31  residues 
of  ovine  8-LPH  (S-LPH^i-q^ ) .  Most  important  this  nentide  was  found 
to  be  the  most  potent  of  the  endogenous  opioid  peptides  isolated  thus 
far  (Loh  et  al.,  1976).  It  was  named  8-endorphin  h\>  C.H.  Li.  Within 
a  few  months  of  its  initial  discovery,  several  researchers  (Rradburv 
et  al.,  1976;  Cox  et  al.,  1975;  Loh  et  al.,  1976;  Ruhinstein  et  al., 

1977)  independently  isolated  8-endorphin  from  brain  extracts  and  demons¬ 
trated  that  this  peptide  was  biologically  active  in  a  wide  variety  of 
ODiate  test  systems  both  in  vitro  and  in  vivo.  In  1976,  two  laboratories 
(Chretien  et  al.;  Li  et  al.)  described  the  isolation  of  8-endorphin  from 
human  pituitary  glands. 

Today  it  is  widely  accented  that  at  least  two,  anatomically  distinct 
opiate  systems  (neural  and  endocrine)  exist  within  animals  and  man.  Opi¬ 
ate  peptides  within  the  CMS  appear  to  subserve  a  neural  function  since 
they  have  been  localized  within  neurons  and  their  distribution  parallels 
that  of  opiate  receptors.  On  the  other  hand,  the  nituitarv  gland  contains 
the  highest  concentration  of  6-endorphin  and  is  the  naior  source  for 
circulating  8-endorphin  suggesting  that  pituitary  8-endorphin  subserves 


an  endocrine  function  as  a  hormone. 


Since  the  discovery  of  the  enkephalins  and  6-endorphin,  a  fourth, 
extraordinarily  potent  opioid  peptide  called  dvnorphin  has  been  isolated 
from  porcine  pituitaries  (Goldstein  et  al.,  1979)  and  subsequently 
found  to  he  present  within  CNS  neurons  (Vincent  et  al.,  1982).  The 
discovery  of  this  peptide  generated  considerable  excitement  since  it 
contained  within  its  sequence  leu-enkephalin  (Goldstein  et  al.,  1979) 
and  it  was  thought  to  be  a  precursor  for  this  pentapeptide.  Subsequent 
studies  failed  to  prove  this  hypothesis  and  have  shown  instead  that  the 
enkephalins,  6-endorphin  and  dynorphin  are  members  of  3  separate 
opiate  peptide  groups  each  having  different  anatomical  distributions 
within  the  CNS  (Vincent  et  al.,  1982;  Watson  et  al.,  1982)  and  different 
biosynthetic  origins  (see  Rossier,  1982). 

ANATOMICAL  DISTRIBUTION  OF  6 -ENDORPHIN  AND  RELATED  PEPTIDES 

After  the  discoverv  of  6-endorphin's  opiate  actions,  antisera 
became  available  for  the  study  of  its  distribution  in  the  brain  and 
pituitary.  Early  on,  the  presence  of  the  met-enkephalin  sequence 
within  8-LPH  raised  questions  about  the  relationship  between  the 
enkephalins,  6-endorphin  and  6-LPH.  Were  the  enkephalins  the 
'real'  opiate  peptide  or  merely  a  breakdown  product  of  8-endorphin? 
Immunohistochemical  studies  of  these  substances  in  brain  showed  that 
6-endorphin  had  a  unique  distribution,  quite  distinct  from  met-enkeph¬ 
alin  and  was  therefore  not  just  a  precursor  of  enkephalin  (Bloom  et  al., 
1978;  Watson  et  al.,  1979).  The  anatomical  studies  of  6-LPH  and 
8-endorphin  were  in  agreement  in  describing  a  svstem  with  a  single 
major  cell  group  in  the  periarcuate  region  of  the  hvpothalamus  with  a 
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very  widespread  fiber  system  (see  Fig.  1).  These  B-LPH/B-END  fibers 
were  visualized  mainly  in  the  medial  hypothalamus,  amygdala,  basal 
septal  nuclei,  n.  accumbens,  periventricular  thalamus,  periaqueductal 
central  gray  area,  and  the  locus  coeruleus  (Bloom  et  al.f  1978;  Bloch 
et  al. ,  1978;  Watson  et  al.,  1977a).  In  comparison,  met-  and  leu-enk- 
ephalin  were  found  in  30-40  cell  groups  at  every  CNS  level  from  the 
spinal  cord  to  the  limbic  system  nuclei  (Watson  et  al.,  1977b;  Hokfelt 
et  al.,  1977;  Simantov  et  al.,  1977)  and  appeared  to  be  contained 
within  the  terminals  of  short  interneurons.  Based  on  anatomical, 
biochemical,  and  lesion  studies  the  enkephalins  and  B-LPH/B-END 
seem  to  be  located  in  separate  neuronal  pathways.  To  date,  there  is 
no  example  of  overlap  in  the  cell  bodies  of  the  two  systems  although 
some  overlap  in  their  nerve  terminal  distribution  exists. 

Throughout  the  CNS  the  localization  of  opiate  peptides  is  in 
parallel  to  the  known  distribution  of  opiate  receptors.  This  finding 
suggests  that  CNS  opiate  peptides  probably  function  as  neurotransmitters 
or  neuromodulators.  In  particular,  the  highest  concentration  of  opiate 
receptors  is  in  the  periventricular-periaqueductal  gray  region,  an  area 
known  to  have  a  dense  innervation  from  arcuate  B-LPH/B-END  nerve 
fibers  and  known  to  be  important  in  stimulation-produced  analgesia. 

Thus  it  appears  that  B-endorphin  may  be  a  neurotransmitter  mediating 
the  analgesia  produced  by  electrical  stimulation. 

As  the  B-LPH/B-END  and  enkephalin  pathways  were  being  mapped  in  the 
CNS,  pituitary  studies  demonstrated  that  B-LPH/B-END  were  located 
in  corticotrophs  of  the  anterior  lobe  and  all  ceLls  of  the  intermediate 
lobe  (Moon  et  al.,  1973).  Bloom  et  al.  (1977)  visualized  B-LPH/ 

B-END  and  adrenocorticotropin  (ACTH)  in  the  same  two  cell  groups. 
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Figure  1.  A  schematic  diagram  illustrating  the  distribution  of  the 
S-LPH / 0-END/ ACTH  system  in  the  rat  central  nervous  system.  (From 
S.J.  Watson  and  J.O.  Barchas ,  1979).  0-LPH/3-FND/ACTH  peptides  are 
localized  within  a  single  major  cell  group  in  the  periarcuate  region 
of  the  hypothalamus  with  axons  projecting  to  areas  in  the  medial  hypo¬ 
thalamus,  the  n.  accumbens,  the  basal  septal  nuclei,  the  oeriventricular 
thalamus,  the  periaqueductal  central  gray  area  and  the  locus  coeruleus. 
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In  electron  microscopic  studies  of  the  pituitary,  Pelletier  et  al. 

(1977)  and  Weber  et  al.  (1978)  were  able  to  show  that  6-LPH  and  ACTH 
immunoreactivities  were  located  within  the  same  cells  and  secretory 
granules.  This  along  with  evidence  suggesting  parallel  changes  in 
pituitary  6-LPH,  melanotropin  stimulating  hormone  (MSH)  and  ACTH  led 
to  the  elegant  studies  of  Mains  et  al.  (1977)  and  Roberts  and  Herbert 
(1977)  who  demonstrated  that  pituitary  ACTH,  a-MSH,  (5-MSH  and  13-LPH 
(and  therefore  6-endorphin)  share  a  common  31,000  dalton  precursor. 

This  31K.  precursor  was  also  called  pro-opiocortin  or  pro-opiomelano- 
cortin  (POMC). 

The  discovery  of  the  31K  precursor  in  the  pituitary  rapidly  lead 
to  explorations  of  the  brain  for  neuronally  synthesized  6-LPH/B-END, 

ACTH  and  MSH  substances.  At  about  the  same  time  that  B-endorphin  and 
6-LPH  were  visualized  in  brain,  Krieger  and  associates  (1977)  described 
the  presence  of  ACTH  immunoreactivityv in  the  CNS  (even  after  hypophys- 
ectomv).  This  finding  led  to  a  rather  complex  study  by  Watson  et  al. 

(1978)  in  which  they  found  ACTH,  6-endorphin  and  6-LPH  staining 
located  in  precisely  the  same  cells  of  the  arcuate  nucleus  of  the 
hypothalamus.  Shortly  thereafter,  several  laboratories  reported 
finding  a-MSH-like  immunoreactivity  in  the  brain  (Jacohowitz  et  al., 

1978;  van  Leewen  et  al.,  1979)  bv  light  and  electron  microsconv.  When 
parallel  studies  were  carried  out  with  6-endorphin,  it  was  apparent 
that  all  the  cells  of  the  arcuate  nucleus  which  contained  6-endorphin 
also  contained  a-MSH  along  with  all  the  other  POMC  peptides  (Watson 
&  Akil ,  1980a, b).  These  studies  stonglv  supported  the  hypothesis  that 
ACTH,  6-endorphin  and  6-LPH  share  a  common  cellular  origin  and 
biochemical  precursor  in  pituitary  and  brain. 


3-Endorphin  and  Che  enkephalins  have  also  been  found  outside  the 
pituitary  gland  and  CNS.  In  the  periphery,  the  distribution  of  both 
opiate  peptides  has  been  found  to  be  in  close  proximity  to  opiate  recep¬ 
tors.  Opiate  compounds  have  long  been  recognized  as  having  potent  effects 
on  gastrointestinal  function,  and  the  guinea  pig  ileum  longitudinal 
smooth  muscle  preparation  has  been  used  as  a  hioassay  for  opiate  activ¬ 
ity.  Therefore,  it  is  not  surprising  to  find  a  rich  enkephalinergic 
innervation  of  the  gastrointestinal  tract  (Hughes  et  al.,  1977)  as 
well  as  high  concentrations  of  3 -endorphin-like  immunoreactivity 
within  these  tissues  (Orwoll  &  Kendall,  1980).  Also,  3-endorphin-like 
immunoreactivity  has  been  extracted  from  pineal  gland,  pancreas  and 
adrenal  gland  (Vuolteenaho  et  al.,  1980).  In  addition,  immunoreacti ve 
B-endorphin  has  been  found  in  CSF  and  plasma  (Nakae  et  al.,  1980). 
Extracts  of  human  placental  tissue  also  contain  significant  amounts 
of  3-endorphin-like  peptides  (Houck  et  al.,  1980)  as  also  does  amniotic 
fluid  (Gautray  et  al.,  1977),  suggesting  that  these  peptides  may 
function  as  a  natural  antidote  for  the  pain  and  stress  of  parturition. 

BIOSYNTHESIS  OF  B-ENDORPHIN  AND  RELATED  PEPTIDES 

While  several  lines  of  evidence  had  suggested  that  ACTH ,  3-LPH  and 
8-endorohin  came  from  a  common  precursor  (Lowrv  et  al.,  1978),  the 
studies  of  Mains  et  al.  (1977)  and  Roberts  and  Herbert  (1977)  were  the 
first  to  clearly  demonstrate  that  relationship.  Mains,  Eipper  and 
co-workers  (1975)  used  the  pulse-chase  method  with  a  mouse  pituitary 
tumor  line  and  immunoprecioitation  by  antisera  against  ACTH  and  3— end¬ 
orphin.  In  this  series  of  studies  they  demonstrated  that  ACTH,  3_LPH 
and  3-endorphin  all  came  from  a  common  precursor  with  an  apparent 


molecular  weight  of  31,000  daltons.  Roberts  and  Herbert  (1977),  using 
the  same  tissue  source,  extracted  the  messenger  RNA  from  cells  rich  in 
ACTH  and  8-endorphin  and  identified  the  precursor  protein  among  the 
translation  products.  They  also  suggested  the  possible  arrangement 
of  the  peptides  within  the  precursor.  Starting  from  the  amino  terminal 
region  and  moving  toward  the  carboxy  terminus,  the  first  fragment  had 
a  molecular  weight  of  16,000  daltons,  the  next  structure  was  ACTH^_3g, 
followed  by  the  91  residues  of  8-LPH  of  which  the  last  31  residues 
constituted  B-endorphinj.j]^ . 

More  recently,  Nakanishi  et  al.  (1979)  confirmed  the  findings  of 
Mains  et  al.  (1977)  and  Roberts  and  Herbert  (1977)  using  DNA  cloning 
and  nucleotide  sequence  analysis.  Using  these  techniques,  Nakanishi 
et  al.  (1979)  defined  the  precise  locations  of  ACTH  and  6-LPH  in  the 
precursor  protein  and  predicted  the  amino  acid  sequence  of  its 
remaining  portion.  The  protein-structural  studies  on  the  ACTH/8-END 
precursor  also  revealed  the  presence  of  a  signal  sequence  preceeding  the 
amino  terminal  region  suggesting  that  it  follows  the  traditional 
structure  of  a  prohormone.  In  addition,  it  was  shown  that  each  of 
the  known  peptides  were  separated  from  each  other  hy  dibasic  amino 
acids  suggesting  post-translat tonal  pentide  cleavage  at  these  sites. 

Thus  it  appears  that  the  POMC  precursor  is  synthesized  as  a  prnhormone 
following  the  classical  protein  biosynthetic  pathv;avs  and  then  is 
cleaved  into  its  smaller  peptides. 

In  addition,  it  is  known  that  POMC  can  undergo  further  post- 
translational  processing  involving  glycosylation  and  amidation  at 
several  sites  along  its  structure  and  further  modification  of  its 
cleavage  products  by  way  of  acetylation.  These  post-translational 
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events  appear  to  occur  to  different  extents  in  various  tissues  and 
appear  to  represent  important  mechanisms  for  regulating  end-product 
bioactivity. 

Several  laboratories  have  sought  to  determine  the  precise  sequence 
of  events  involved  in  the  post-translational  processing  of  the  precursor 
to  its  many  known  peptide  products.  Using  the  pulse-chase  technique 
in  which  a  labeled  anino  acid  is  incorporated  into  the  precursor  (pulse) 
and  then  followed  through  its  conversion  to  product  with  incuhations 
of  unlabeled  amino  acids  (chase)  over  time,  Kipper  and  Mains  (1978) 
and  Herbert  et  al.  (1980)  have  shown  that  0-LPH  is  the  first  to  be 
cleaved  away  from  the  intact  precursor.  This  leaves  the  amino  terminal 
16K  fragment  and  ACTH^_3q  which  are  subsequently  cleaved.  Further 
processing  converts  0-LPH  to  0-endorphin^_33  (Liotta  et  al.,  1978).  In 
the  anterior  lobe  of  the  pituitary,  ACTHjl-39  is  found  along  with 
0-LPH  and  relatively  little  0-endorphini_3i  (Eipper  and  mains,  1980). 

The  pituitary  intermediate  lobe,  on  the  other  hand,  processes  the  pre¬ 
cursor  further  to  yield  a-MSH  (N-acetyl  ACTH^_j^)  (O'Donohue  et  al., 
1979;  Crine  et  al.,  1979),  corticotropin-like  intermediate  lobe  peptide 
(CLIP;  ACTH^f^q)  and  modified  forms  of  0-endorphin  with  little  or  no 
ACTH  or  0-LPH  detectable  (Mains  A  Eipper,  1979,  1981,  Eipper  &  Mains, 
1981,  Liotta  et  al.,  1981;  Akil  et  al.,  1981a)  (see  Fig.  ?). 

Smvth  et  al.  (1978,  1979)  were  the  first  to  isolate  modified 
forms  of  0-endorphin  from  pituitarv  extracts  which  they  identified 
as  0-endorphin1_31,  0-endorphin1_27  anr1  their  a-N-aeetvl  derivatives 
on  the  basis  of  chromatographic  behavior  and  amino  acid  analvsis. 

Liotta  et  al.  (1981)  further  substantiated  these  results  bv  demon¬ 
strating  that  cultured  dispersed  rat  intermediate  lobe  ceils 
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Figure  2.  A  schematic  diagram  illustrating  the  proteolytic 
processing  of  the  3IK  precursor,  pro-opiomelanocortin  (POMC), 
in  different  pituitary  tissues.  (From  B.A.  Eipper  and  R.E. 


Mains,  1980). 
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synthesize  and  release  the  four  modified  forms  of  8-endorphin 
under  basal  and  stimulatory  conditions.  In  contrast,  virtually  all  of 
immunoreactive  8-endorphin  extracted  from  and  secreted  by  anterior 
lobe  cells  was  S-endorphin^_3^ . 

The  observation  that  8~endorphin^_3^  can  be  further  cleaved  and 
modified  by  acetylation  raises  important  questions  about  the  physiolo¬ 
gic  roles  of  these  peptides.  B-endorphini_3i  has  been  shown  to  be 
20-50  times  more  potent  than  morphine  in  opiate  hioassay  systems  (Li 
et  al.,  1976b)  and  in  producing  analgesia  (Loh  et  al.,  1976).  Deakin 
et  al.  (1980)  and  Akil  et  al.  (1981b)  have  shown  that  N-terminal  acety¬ 
lation  and/or  carboxy-terminal  proteolysis  of  four  amino  acids  of 
S-endorphin^_33  leads  to  almost  a  complete  loss  of  analgesic  potency 
and  a  diminished  ability  to  bind  to  opiate  receptors.  It  becomes  crit¬ 
ical  therefore  to  determine  whether  the  8-endorphin-like  immunoreac- 
tivity  being  measured  is  6-endorphin^_3^ ,  the  potent  opiate,  or  its 
shorter,  modified  forms  which  exhibit  little  or  no  known  biological 
activity  (antibodies  developed  against  B-endorphin3_33  will  recognize 
to  some  extent  its  inactive  forms).  Fortunately,  biochemical  tools 
are  available  for  the  separation  of  B-endorphin  from  its  parent 
molecule  (gel  filtration  chromatography),  as  well  as  the  resolution 
and  identification  of  S-endorphin3_33  from  its  smaller  and  modified 
forms  (HPLC  and  ion  exchange  chromatography). 

Most  of  the  POMC  biosynthetic  studies  have  been  carried  out  on 
pituitary  POMC  since  the  brain  contains  small  amounts  of  this  pentide. 
However,  work  by  Liotta  et  al.  (1980)  have  demonstrated  the  biosyn¬ 
thesis  of  POMC  in  cultured  rat  hyoothalamic  cells  with  the  resultant 
production  of  ACTH ,  a-MSH ,  B-LPM  and  8 -endorphin-like  peptides. 
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Interestingly,  there  is  evidence  to  suggest  that  hrain  POMC  processing 
resembles  pituitary  intermediate  lobe  POMC  processing  in  that  it  has  a 
preponderance  of  smaller  over  larger  peptide  products,  e.g.,  mostly 
8-endorphin-sized  immunoreactivi ty  with  little  0-LPH  or  larger  POMC- 
sized  immunoreactivity  (Fratta  et  al.,  1980).  In  addition,  it  synthe¬ 
sizes  a-MSH  as  opposed  to  ACTH  (Jacobowitz  &  O'Donohue,  1978;  Watson 
&  Akil,  1980a).  Based  on  such  evidence,  one  would  expect  to  find  the 
smaller  and  acetylated  forms  of  8-endorphin^_3^  to  be  present  in  brain 
as  well.  Preliminary  evidence  (Zacharian  &  Smyth,  1979)  suggests  that 
there  is  a  gradient  in  brain  with  the  cell  bodies  in  the  arcuate  nu¬ 
cleus  containing  mostly  the  opiate-active  3 -endorphin ,  while  the 
terminal  regions  appear  to  store  the  N-acetylateH  forms.  This  would 
suggest  that  the  peptide  is  processed  and  further  modified  either 
during  transport  or  storage. 

The  biological  significance  of  the  smaller  molecular  forms  of 
8-endorohin  and  the  acetylated  peptides  are  presently  unknown.'  It 
has  been  suggested  (Zakarian  &  Smyth,  1979)  that  since  the  acetylated 
forms  of  8-endorphin  are  formed  concomitantly  with  a-MSH,  then  the 
acetylation  reaction  which  imparts  biological  activity  to  u-MSH  and 
eliminates  opiate  activty  of  3-endorphin  nay  provide  a  means  for 
selective  activation  of  different  regions  of  the  endorphin  prohormone. 

In  general  it  is  believed  that  the  smaller,  acetvlated  and  non-acetvl- 
ated  3-endorphin  fragments  represent  inactivated  forms  of  8-endorphin1_31 
that  are  stored  intracellularlv.  Furthermore,  vivo  this  selective 
processing  and  inactivation  mav  represent  mechanisms  Hv  which  the 
normal  levels  of  opiate  activity  are  regulated  within  the  pituitary 


gland  and  CMS. 
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OPIATE  RECEPTORS 

Interestingly,  demonstration  of  the  existence  of  opiate  recep¬ 
tors  preceeded  the  discovery  of  the  endogenous  opiate  peptides.  In 
fact,  it  was  the  existence  of  opiate  receptors  that  spurred  efforts  to 
isolate  the  endogenous  ligands  for  the  morphine  binding  sites.  Since 
the  discovery  of  opiate  receptors  in  1971  (Goldstein  et  al.),  there 
has  been  widespread  interest  in  determining  their  exact  localization, 
number  and  physiochemical  characteristics,  as  well  as  their  physio¬ 
logic  and  pharmacologic  functions.  As  a  result  of  these  various  stud¬ 
ies,  evidence  has  accumulated  to  suggest  that  multiple  receptor  types 
exist  for  the  different  opiate  peptides  and  that  their  distribution 
parallels  that  of  0-LPH/8-ENO  and  enkephalin  within  the  brain  and  in 
the  periphery. 

Within  the  CNS,  ooiate  receptor  distributions  correspond  to 
a  great  extent  to  certain  pathwavs  in  the  brain  that  are  known  to 
mediate  pain  suggesting  that  these  receptors  and  opiate-like  subs¬ 
tances  (whether  exogenous  or  endogenous)  may  be  related  to  pain  and 
its  transmission  in  the  nervous  system.  Areas  known  to  have  a  large 
number  of  opiate  receptors  both  in  primates  and  rats  are  the  hypothala¬ 
mus,  thalamus,  the  periventricular-periaqueductal  gray,  parts  of  the 
lateral  midbrain  including  the  lateral  reticular  nucleus,  substantia 
nigra  and  the  red  nucleus  (Kuhar  et  al.,  1973;  Snvder,  1975).  Recep¬ 
tors  are  also  found  in  the  spinal  cord,  especially  in  the  dorsal  horn 
(Fields  et  al.,  1980)  and  in  the  sensory  (olfactory,  visual,  auditorv 
and  somatic)  and  limbic  systems  (Herkenham  and  Pert,  ]080)  suggesting 
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that  these  receptors  might  plav  a  role  in  the  control  of  sensory  and 
limbic  information  processing.  Few  receptors  are  found  in  the  pons- 
mednlla  and  the  posterior  cortex  or  cerebellum,  with  the  lowest  numbers 
found  in  the  hippocampus  (Messing  et  al.,  1980). 

There  are  areas  outside  the  CNS  which  have  been  shown  to  con¬ 
tain  opiate  receptors.  These  include  the  guinea  pig  ileum  (Pert  & 

Snyder,  1973),  mouse  vas  deferens  (Henderson  et  al.,  1972),  pancreas, 
gastrointestinal  tract,  and  adrenal  medulla.  Recently,  opiate  receptor 
binding  activity  has  been  located  on  lymphocytes  (Hazum  et  al.,  1979a) 
suggesting  that  8-endorphin  may  serve  as  a  link  between  neuroendocrine 
and  immune  systems. 

The  generally  accepted  hypothesis  of  opiate  receptor  heterogen¬ 
eity  is  largely  based  on  evidence  from  biochemical  studies  showing  a 
differential  affinity  of  enkephalins  and  morphine  to  receptor  sites 
in  hrain  membranes.  More  recently  evidence  from  both  in  vitro  (Lord  et 
al.,  1976;  Chang  et  al.,  1979)  and  in  vivo  (Martin  et  al.,  1976)  studies 
has  suggested  the  existence  of  more  than  one  opiate  receptor  type. 

There  are  opiate  receptors  which  appear  to  prefer  enkephalins  (so-called 
delta  sites;  6  receptor),  receptors  which  prefer  morphine  (so-called 
mu  sites;  u  receptor)  and  receptors  which  prefer  a  class  of  unusual 
synthetic  opiates  such  as  ethvlketocyclazocine  (called  kappa  receptors) 
and  SiCF-10047  (called  sigma  receptors).  Although  studies  using  smooth 
muscle  preparations  have  differentiated  the  kappa  and  sigma  receptors, 
binding  studies  in  brain  membranes  have  been  less  successful  in  differ¬ 
entiating  these  receptor  tvpes.  So  far  only  the  existence  of  mu  and 
delta  receptors  has  heen  well  accented  and  considerable  rontroversv 
still  exists  over  whether  the  other  nroposed  opiate  receptors  represent 


physiologically  distinct  receptors  in  vivo. 


A  striking  observation  is  that  6-endorhpin  is  active  to  vary¬ 
ing  degrees  at  all  these  proposed  receptor  sites.  In  particular,  fl-end- 
orphin  has  high  and  equal  affinity  for  both  the  mu  and  delta  receptor 
(Lord  et  al.,  1976;1977;  Ilazum  et  al.,  1979b).  In  general,  no  receptor 
is  specific  for  just  one  ligand  and  considerable  overlap  between  opiate 
ligand  binding  occurs.  These  observations  suggest  that  the  different 
classes  of  opiate  receptors  may  actually  respresent  interconverting 
conformational  states  of  the  same  macromolecule  rather  than  separate 
receptor  types.  Although  this  hypothesis  accounts  for  a  great  deal  of 
well-documented  data  not  easily  explained  by  the  existence  of  distinct 
mu  and  delta  sites,  this  hypothesis  continues  to  be  challanged  bv  the 
overwhelming  evidence  supporting  the  existence  of  multiple  opiate  recep¬ 
tors  . 

Despite  the  increasing  number  of  opiate  receptors  which  have 
been  differentiated  bv  in  vitro  binding  studies  and  anatomic  distribu¬ 
tions,  possible  physiologic  functions  have  been  elucidated  primarily  for 
the  mu  and  delta  receptors.  Evidence  from  structure-activity  studies 
has  suggested  that  analgesia  is  mediated  by  the  mu  receptor,  whereas 
emotional  behavior  (behavioral  epileptic  seizures)  and  respiratory  de¬ 
pression  are  primarily  mediated  by  the  delta  receptor  (Waterfield  et  al. 
1979;  Kosterlitz  et  al.,  1980;  Urea  et  al.,  1978;  Snyder,  1980;  Paster¬ 
nak  and  Hahn,  1980).  In  support  of  these  findings,  anatomically  the 
mu  receptors  (but  not  the  delta  receptors)  are  localized  in  CMS  areas 
known  to  be  involved  in  the  regulation  of  sensory  input  such  as  pain 
perception  (Herkenham  and  Pert,  1980;  Goodman  et  al.,  1980).  r>n  the 
other  hand,  delta  receptors  are  most  concentrated  in  the  frontal  cere- 
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bral  cortex  and  areas  involved  in  the  regulation  of  cardiorespiratory 
function  (Goodman  et  al.,  1980). 

In  summary,  the  parallel  distribution  of  opiate  receptors  and 
endogenous  opiates  within  the  CNS  and  periphery  suggests  that  endogen¬ 
ous  opiates  function  as  neurotransmitters  or  neuromodulators.  Moreover, 
highest  concentrations  of  opiate  receptors  and  their  endogenous  ligands 
are  found  in  areas  of  the  brain  known  to  be  involved  in  analgesia.  Thus 
it  appears  that  opiate  receptors  and  opiate  peptides  are  related  to  pain 
and  its  transmission  in  the  CNS.  It  is  important  to  note  that  pituitary 
0-endorphin  can  serve  as  an  endogenous  ligand  for  peripheral  and  CNS 
opiate  receptors.  Thus,  the  location  and  action  of  opiates  on  opiate 
receDtors  within  the  CNS  or  in  the  periphery  provides  insight  into  the 
possible  physiological  functions  for  pituitarv  and  blood-borne  0 -end¬ 
orphin  . 

PHARMACOLOGICAL,  PHYSIOLOGICAL  AND  BEHAVIORAL  STUDIES  WITH  0 -ENDORPHIN 

Following  the  isolation  and  identification  of  opioid  peptides 
in  brain  and  pituitary,  studies  were  undertaken  to  determine  the  physio¬ 
logical  functions  of  these  novel  peptides.  The  anatomical  localization 
of  the  endogenous  opiates  and  opiate  receptor  in  areas  known  to  be 
involved  in  pain  transmission  and  analgesia  suggested  that  these  peptides 
play  an  important  role  in  pain  adaptation.  Earliest  evidence  for  the 
existence  of  an  endogenous  analgesia  system  was  the  observation  of 
Reynolds  (1969)  that  electrical  stimulation  of  certain  discrete  brain¬ 
stem  sites  in  rats  produces  profound  analgesia  without  a  general  behav¬ 
ioral  depression  -  a  phenomenon  now  commonlv  referred  to  as  stimulation 


-  produced  analgesia  CSPA).  Since  the  initial  renort  bv  Reynolds, 
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several  workers  have  demonstrated  the  potent  analgesic  effects  produced 
by  electrical  stimulation  of  discrete  areas  of  the  medial  diencenhalon 
and  brainstem  in  the  cat  (Liebeskind  et  al.,  1973),  monkey  (Goodman 
and  Holcombe,  1975)  and  rat  (Mayer  et  al.,  1971).  Furthermore,  intrac¬ 
table  clincal  pain  states  in  humans,  in  addition  to  normal  pain  percep¬ 
tion,  can  be  block  by  electrical  stimulation  of  the  periaqueductal  and 
periventricular  gray  matter  (Hosobuchi  et  al.,  1977;  Richardson  and 
Akil,  1977).  In  all  these  studies,  SPA  has  been  shown  to  be  most 
effective  at  sites  known  to  have  a  high  concentration  of  endogenous 
opiates  and  opiate  receptors  suggesting  that  electrical  stimulation  of 
endogenous  opiate  peptide  release  and  subsequent  interaction  with 
opiate  receptors  leads  to  the  production  of  behavioral  analgesia.  The 
involvement  of  endogenous  opiates  in  SPA  is  further  supported  by  the 
finding  that  naloxone,  an  opiate  antagonist,  blocks  SPA  in  animals 
(Mayer  et  al.,  1977;  Akil  et  al.,  1976)  and  man  (Hosobuchi  et  al., 

1977)  and  CSF  levels  of  6-endorphin-like  immunoreactivi ty  increase 
during  pain  relief  following  stimulation  of  the  periaqueductal  grav  in 
humans  (Hosobuchi  et  al.,  1979). 

Pharmacologic  studies  with  6-endorphin  have  shown  that  this 
peptide,  like  morphine,  is  a  very  potent  analgesic  after  central 
administration  into  laboratory  animals  (Feldberg  and  Smyth,  1976;  Loh 
et  al.,  1976;  Nemeroff  et  al.,  1979)  and  man  (Oyama  et  al.,  1980)  but 
6-endorphin  is  at  least  20  times  more  potent  than  morphine  on  a  molar 
basis.  Peripheral  administration  of  6-endorphin  has  been  reported 
to  require  higher  doses  (in  mice)  to  produce  analgesia  (Tseng  et  al., 
1976).  In  all  cases,  however,  the  analgesia  produced  by  6-endorphin, 
like  morphine,  was  reduced  hv  naloxone  suggesting  that  the  event  in- 


volves  opiate  receptors.  The  observation  that  intravenous  administra¬ 
tion  of  8  — endorphin  can  produce  analgesia  stronglv  suggests  that 
nituitary  8-endorohin,  which  is  the  major  source  for  circulating  B-end- 
orphin,  can  produce  analgesia  possibly  hy  binding  to  CNS  opiate  recep¬ 
tors. 

Subsequent  research  into  the  anatomy,  physiology  and  pharmacology 
of  opiate  analgesia  (OA)  and  SPA  revealed  many  common  features  suggesting 
that  both  responses  are  mediated  via  common  mechanisms.  For  example, 
the  most  effective  sites  for  SPA  and  OA  by  intracerebral  injection 
overlap  considerably  (Lewis  and  Gebhart,  1977),  and  there  is  cross¬ 
tolerance  between  OA  and  SPA  (Mayer  and  Hayes,  1975).  Most  importantly, 
however,  are  the  findings  that  naloxone  reverses  both  OA  and  SPA. 
Therefore,  if  OA  and  SPA  act  through  the  same  intrinsic  mechanism,  it 
is  likely  that  endogenous  opiates  and  opiate  receptors  are  involved 
in  the  pain  suppression  svstem. 

Present  evidence  indicates  that  OA  and  SPA  activate  an  efferent 
brainstem  system  that  suppresses  pain  transmission  at  spinal  cord 
levels.  Based  on  a  review  of  anatomical,  physiological  and  pharmaco¬ 
logical  evidence,  Basbaum  and  Fields  (1978)  have  proposed  a  model  for 
endogenous  pain  control  involving  opiates  and.  biogenic  amines.  Basbaum 
and  Fields  have  proposed  that  this  pain  suppression  system  is  organized 
at  three  levels  of  the  neuraxis:  midbrain,  medulla  and  spinal  cord. 
Activation  of  neurons  in  the  midbrain  periaqueductal  gray  matter  (PAG) 

(by  electrical  stimulation,  opiates  and  possibly  psychological  factors) 
excites  neurons  of  the  rostral  medulla,  some  of  which  contain  serotonin. 
The  medullary  neurons,  in  turn,  project  to  and  specifically  inhibit 
the  Firing  of  trigeminal  and  spinal  substance  °  containing  neurons 
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which  carry  pain  information  from  receptors  in  the  periphery.  The 
pain-transmitting  neurons  which  are  activated  by  the  substance  P  pri¬ 
mary  afferent  neuron  proiect  to  supraspinal  sites  and  indirectly  con¬ 
tact  the  cells  of  the  descending  analgesia  system  in  the  PAG  and  medul¬ 
la,  thus  establishing  a  negative-feedback  loop. 

At  the  spinal  cord  level,  it  appears  that  descending  brainstem 
(serotonergic)  inhibition  of  pain  transmission  is  mediated  through  an 
enkephalinergic  interneuron  located  in  the  dorsal  horn.  This  is  based 
on  the  extensive  anatomical  overlap  between  serotonergic  nerve  terminals, 
opiate  receptors  and  enkephalins  in  the  dorsal  horn  of  the  spinal  cord, 
and  the  observation  that  local  application  of  opiates  inhibits  nociceptive 
responses  of  various  types  of  dorsal  horn  neurons  (Kitahata  et  al., 

1974)  and  naloxone  completely  reverses  serotonin-mediated  SPA  (Oliveras 
et  al . ,  1977 ) . 

In  addition  to  a  direct  effect  on  oain  transmission  at  the  spinal 
cord  level,  endogenous  opiates,  particularly  6-endorphin,  may  modify 
pain  perception  at  the  level  of  the  limbic  lobe.  Arcuate  (3-endorphin 
neurons  proiect  to  limbic  structures  known  to  be  involved  in  the 
affective  component  of  pain,  and  the  regional  distribution  of  opiate 
receptors  suggests  some  role  related  to  limbic  system  function.  Thus, 
it  is  probably  misleading  to  assume  that  opiate  receptors  exclusively 
mediate  analgesia. 

Other  possible  physiologic  functions  for  central  6-endorphin 
include  a  role  in  cardiovascular  function  (see  Holaday,  1983).  Indeed, 
opiate  receptors  are  densely  distributed  in  the  brainstem  and  hypothal 
amus  in  close  proximity  to  cardiovascular  centers.  Generally  speaking, 
morphine  has  been  shown  to  produce  effects  upon  brainstem  cardiovascular 
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centers  which  include  increased  parasympathetic  and  decreased  sympathe¬ 
tic  tone  resulting  in  a  depression  of  both  heart  rate  and  blood  pres¬ 
sure.  The  central  or  peripheral  administration  of  opioid  peptides  has 
been  shown  to  produce  potent  and  variable  cardiovascular  responses 
depending  on  the  dose,  injection  site,  species,  presence  and  type  of 
anesthetic  used  and  particular  opioid  used.  The  fact  that  different 
opioid  ligands  produce  oualitati vely  different  cardiovascular  effects 
indicates  that  more  than  one  opiate  receptor  subtype  may  be  involved, 
possibly  at  different  anatomical  sites. 

Compelling  evidence  that  endogenous  opiate  systems  help  regulate 
cardiovascular  function  derives  from  the  results  of  opiate  antagonist 
injections  in  various  physiologic  and  pathophysiologic  states.  The 
finding  that  naloxone  and  other  opiate  antagonists  reverse  the  hemo¬ 
dynamic  effects  of  circulatory  shock  (both  hemorrhagic  and  endotoxic) 
suggests  that  endorphins  are  involved  in  this  phenomenon.  Similar 
evidence  has  suggested  a  role  for  endorphin  in  the  pathophysiology  of 
spinal  cord  injury,  baroreceptor  reflex  responses,  orthostatic  hynoten- 
sion,  anesthetic  hypotension  and  possibly  in  essential  hypertension, 
as  well  as  cerebral  vascular  disorders.  These  findings  do  not  pre¬ 
clude  the  possible  involvement  of  peripheral  0-endorohin  of  pituitary 
origin  in  these  pathophysiologic  states,  and,  in  fact,  hlood  levels 
of  0-endorphin  have  been  reported  to  be  elevated  under  most  of  these 
circumstances . 

The  presence  of  high  concentrations  of  opiate  receptors  and 
endorphin  in  the  solitary  nuclei  and  area  postrema  of  the  medulla,  areas 
known  to  he  involved  in  ventilatory  control,  suggest  a  role  for  endo¬ 
genous  opiates  in  respiratory  function.  It  is  well  documented  that 


morphine  and  other  opiates  cause  respiratorv  depression.  Similarly, 
opioid  peptides  have  been  shown  to  depress  respiration  after  central 
(Moss  and  Friedman,  1978;  Florez  et  al.,  1980)  hut  not  Deripheral 
administration  (Sitsen  et  al.,  1982).  A  role  for  endogenous  opiates 
in  human  respiratory  function  is  difficult  to  elucidate  since  the 
placebo  effect  on  ventilatory  control  is  pronounced.  However,  endo¬ 
genous  opiates  have  been  implicated  in  such  disorders  of  ventilatory 
control  as  sudden-infant-death  syndrome,  apnea,  and  chronic  obstructive 
pulmonary  disease  based  on  studies  with  naloxone  (see  Chernick,  1981). 
Clearly,  more  direct  evidence  involving  actual  administration  of  B-end- 
orphin  and/or  measurment  of  plasma  B-endorphin  levels  in  humans  is 
necessary  to  better  assess  a  role  for  central  and/or  peripheral 
(pituitary)  B-endorphin  in  the  pathophysiology  of  respiratory  disorders. 

Other  central  effects  of  B-endorphin  including  feeding,  groom¬ 
ing,  sexual  behavior,  and  temperature  regulation  suggest  that  these 
effects  are  mediated  at  the  hypothalamic  level.  In  rats,  central 
administration  of  B-endorohin  has  been  shown  to  elicit  abnormal  male 
sexual  behavior  (Meverson  and  Terenius,  1977),  excessive  grooming 
(Gispen  et  al.,  1976),  and  stimulation  of  food  intake  (Grandison  6 
Guidotti,  1977).  Relatively  low  doses  of  opiates  which  result  in  only 
mild  analgesia  produce  elevations  in  body  temperature,  whereas  higher 
doses  progessively  lead  to  a  lowering  of  body  temperature  (Roladay,  et 
al.,  1978).  All  of  the  above  effects  of  B-endorphin  are  presumably 
central,  with  the  exception  of  temperature  and  food  intake  regulation, 
which  may  involve  pituitary  B-endorphin  as  well.  In  addition,  the 
above  effects  of  B-endorphin  are  presumably  mediated  by  opiate  recep¬ 
tors  since  they  can  be  reversed  by  naloxone.  It  is  important  to  note 
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that,  in  view  of  the  potent  effects  of  the  opioid  peptides  on  pituitarv 
hormone  release,  it  may  be  premature  to  conclude  that  all  of  these 
behavioral  manifestations  are  direct  effects. 

PITUITARY  6-ENDORPHIN  AND  ITS  POSSIBLE  FUNCTIONS 

The  greatest  store  of  (3-endorphin  in  the  mammalian  body  is  in 
the  pituitary  gland  (Fratta  et  al.,  1979),  which  is  also  the  major  source 
for  circulating  B-endorohin-like  immunoreactivitv  (Guillemin  et  al., 

1977;  Mueller,  1980).  Current  evidence  suggests  that  pituitary  and  CNS 
B-endorphin  represent  two  distinct  opiate  systems  (endocrine  versus 
neural,  respectively)  which  function  together  in  the  production  of 
analgesia  and  other  behavioral  adaptations  to  pain  and  stress. 

Pituitary  8-endorphin  most  likely  functions  as  a  hormone  since 
it  is  released  into  blood  in  response  to  physiologic  and  pharmacologic 
stimuli,  and  its  release  appears  to  be  regulated  by  physiological 
mechanisms.  In  addition,  3-endorphin  has  been  shown  to  be  comparatively 
stable  in  blood  (Houghten  et  al.,  1980)  and  to  be  active  as  an  analgesic 
when  injected  intravenously  (Tseng  et  al.,  1976).  However,  target 
site(s)  and  thus  the  physiological  functions  for  blood-borne  8-endorohin 
remain  to  be  clearly  defined.  It  is  likely  that  target  slte(s)  for 
pituitary  8-endorphin  exist  both  in  the  perioherv  and  CNS  since 
intravenously  administered  8-endorphin  has  been  shown  to  penetrate 
the  blood-brain  barrier  at  physiological  concentrations  (Rapoport  et 
al.,  1980).  It  is  also  possible  for  pituitary  3-endorphin  to  gain 
access  into  the  CNS  by  either  direct  retrograde  transport  from  the 
pituitary  to  the  hypothalamus  via  the  portal  vessels  (Bergland  and 
Page,  1978;  Mezev  and  Palkovitz,  1982),  or  from  the  blood  through  more 


permeable  regions  of  the  blood-brain  barrier  (Houghten  et  al.,  1980; 
see  Meisenberg  and  Simmons,  1983). 

A  large  body  of  literature  supports  a  role  for  pituitary  8-end- 
orphin  in  the  physiologic  response  to  pain  and  stress.  In  humans, 
two  events  associated  with  pain  and  stress,  surgery  and  childbirth, 
have  been  shown  to  elevate  plasma  levels  of  f5-endorphin-like  immuno- 
reactivity  (Dubois  et  al.,  1981;  Csontos  et  al.,  1979).  Physical 
stress  and  pain  have  been  sho»7n  to  he  the  most  potent  stimuli  for 
pituitary  8-endorphin  release  in  animals  (Guillemin  et  al.,  1977; 
Mueller,  1981).  Other  physical  stressors  which  appear  less  noxious  to 
the  animal  (footshook,  ether  stress,  exposure  to  warm  and  cold  ambient 
temperature)  produce  comparably  lower  increases  in  plasma  levels  of 
8-endorphin-like  immunoreactivity  (Mueller,  1981)  suggesting  that 
the  magnitude  of  the  plasma  8-endorphin  response  is  directly  related 
to  the  degree  of  stress  or  trauma  experienced.  Under  most  conditions 
of  pain  and  stress,  a  behavioral  analgesia  is  observed  in  laboratory 
animals  which  also  appears  to  be  at  least  parially  mediated  by  pituitary 
8-endorphin.  Hypophysectomy  (Bodnar  et  al.,  1979;  Lewis  et  al.,  1981) 
which  removes  the  source  of  circulating  endorphins,  and  glucocorticoids 
(Guillemin  et  al.,  1977;  Lewis  et  al.,  1980)  which  inhibit  pituitarv 
8-endorphin  release,  both  attenuate  stress-induced  analgesia  in  a 
manner  similar  to  naloxone  (Amir  and  Amit,  1978).  Although  the  plasma 
levels  of  8-endorphin  required  to  produce  analgesia  in  rodents  are 
higher  than  that  usually  observed  in  stressed  animals  (Tseng  et  al., 
1976),  it  is  possible  that  the  various  experimental  treatments  which 
release  pituitary  8-endorphin  into  general  circulation  also  increase 
the  delivery  of  pituitary  8-endorphin,  in  relatively  high  concentration, 


directly  into  the  brain  via  the  hypophysial  portal  blood  system  and 
thus  affect  nociception  at  the  CNS  level.  Evidence  to  date  suggests 
that  pituitary  0-endorphin's  role  in  endogenous  pain  control  is  most 
likely  mediated  through  its  direct  actions  on  pain  regulatory  pathways 
of  the  brain  and  spinal  cord,  as  well  as,  its  ahilitv  to  desensitize 
peripheral  pain  receptors  (Ferreira,  1981;  Hughes,  1981). 

In  addition  to  being  involved  in  the  analgesia  associated  with 
stress,  pituitary  and  CNS  0-endorohin  may  serve  together  to  regulate 
neural  and  endocrine  functions  that  play  a  role  in  the  elaboration  of 
adaptive  behavior  to  stress  (see  Amir  et  al.,  1979).  0-Endorphin  has 
been  shown  to  exert  a  trophic  influence  on  the  adrenal  medulla  and 
cortex  as  well  as  the  pancreas,  suggesting  that  circulating  g-endor- 
phin  may  be  part  of  a  physiologic  mechanism  that  mediates  adrenaline, 
corticosterone  and  glucagon  release  in  response  to  stress.  Other 
evidence  suggests  that  endogenous  opiates  may  also  be  involved  in  the 
elaboration  and  expression  of  the  emotional  responses  to  stress. 

The  high  concentration  of  0-endorphin  peptides  in  both  the 
medial  basal  hypothalamus  and  pituitary  suggested  that  these  peptides 
may  play  a  role  in  neuroendocrine  function.  Suhsennent  studies  have 
established  that  endogenous  opiates,  Like  morphine,  can  alter  pituitarv 
secretions  and  that  they  are  involved  in  endocrine  function  (see  Meites 
et  al.,  1979;  Roladay  and  Loh,  1979).  In  general,  the  central  admini¬ 
stration  of  g-endorphin  has  been  shown  to  produce  a  rapid  increase 
in  the  release  of  prolactin,  growth  hormone,  ACTH,  MSH  and  antidiuretic 
hormone  and  a  decrease  or  no  change  in  the  gonadotropins  and  thyrotro¬ 
pin.  Little  is  yet  known  about  the  mechanisms  by  which  the  endogenous 
opiates  inf luence  endocrine  function,  but  most  of  the  work  reported 
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thus  far  indicates  that  their  endocrine  effects  are  exerted  via  the 
CNS.  These  findings  further  support  the  conclusion  that  pituitary,  and 
thus  circulating  6-endorphin,  can  indeed  influence  CNS  function. 

Other  possible  functions  for  pituitary  and  blood-borne  6-end¬ 
orphin  include  a  role  in  the  immune  response  and  this  too  may  be  related 
to  stress  adaptation.  8-Endorohin  has  been  shown  to  enhance  lymohocyte 
proliferation  in  response  to  T  cell  mitogens  (Gilman  et  al.,  1982). 

This  effect,  however,  does  not  aopear  to  be  mediated  through  an  opiate 
receptor.  It  has  also  been  shown  that  human  leukocyte  interferon  binds 
to  opiate  receptors  i_n  vitro  and  produces  potent  B-endorphin-like  opioid 
effects  including  analgesia  in  vivo  (Blalock  and  Smith,  1981).  These 
new  and  interesting  studies  suggest  a  functional  link  between  the 
endocrine  and  immune  systems  involving  the  endogenous  opiates. 

Finally,  pituitary  B-endorphin  has  also  been  implicated  in 
food/water  intake  regulation  (see  Morley,  1980),  heat  adaptation  and 
thermoregulation  (Holaday  et  al.,  1978a,  b).  In  addition,  circulating 
B-endorphin  appears  to  be  involved  to  some  extent  in  peripheral 
cardiovascular  function  especially  in  the  development  of  hypotension 
associated  with  circulatory  shock  due  to  hemorrhage  or  endotoxemia 
(see  Holadav  1983).  Endotoxemia  and  hemorrhage  have  been  shown  to 
elevate  plasma  levels  of  B-endorphin  (Carr  et  al.,  lq82;  Lang  et 
al.,  1982),  and  elevated  plasma  levels  of  B-endorphin  have  been 
shown  to  produce  a  transitory  bradycardia  and  hypotension  in  conscious 
rats  and  monkeys  (Holaday  et.al.,  1982,  Cuthbert  et  al.,  1983).  Thus, 
it  is  likely  that  circulating  B-endorphin  may  play  a  pathophysiological 
role  in  the  development  of  certain  forms  of  circulatory  shock.  Although 
evidence  also  suggests  an  important  role  for  CNS  6-eadorphin  in  the  regu— 


lation  of  CNS  cardiovascular  function,  it  is  possible  that  circulating 
S-endorphin  released  from  the  pituitary  may  gain  access  to  CNS  cardio¬ 
vascular  centers  to  modulate  cardiorespiratory  function.  In  addition, 
although  little  evidence  is  available,  direct  peripheral  opiate  effects 
upon  the  heart  or  vascular  beds  may  also  be  a  possible  site  of  action 
for  blood-borne  3-endorphin.  Unfortunately,  none  of  the  demonstrated 
effects  for  circulating  3— endorphin  have  proven  physiologic  importance. 
In  summary,  of  all  the  functions  for  pituitary  B-endorohin  which  have 
been  proposed,  the  evidence  suggesting  pituitarv  B-endorphin  involve¬ 
ment  in  endogenous  mechanisms  of  analgesia  is  the  most  compelling  and 
has  been  the  most  widely  studied. 

NEUROENDOCRINE  REGULATION  OF  PITUITARY  B-ENDORPHIN  PEPTIDES 

An  understanding  of  the  neuroendocrine  regulation  of  pituitary 
B-endorphin  secretion  is  based  on  a  knowledge  of  the  anatomy  of  the 
gland  and  its  relationship  to  the  hypothalamus.  Anatomically,  the 
pituitary  is  divisible  into  two  distinct  portions:  the  anterior  pitui¬ 
tary  (adenohypophysis)  and  the  posterior  pituitary  (neurohypophysis ) . 
Between  these  lobes  exists  a  small,  relatively  avascular  zone  called 
the  pars  intermedia.  In  lower  animals,  the  pars  intermedia  is  highly 
developed  and  functions  to  secrete  MSH  in  response  to  the  amount  of 
light  or  other  environmental  factors  to  which  the  animal  is  exposed 
to.  In  humans,  the  pars  intermedia  is  almost  absent  except  during 
pregnancy  and  fetal  life.  Since  the  pituitary  gland  is  situated  at 
the  base  of  the  brain  and  has  some  anatomical  connection  with  the 
hypothalamus,  it  is  not  surprising  that  almost  all  secretion  by  the 
pituitary  gland  is  controlled  by  either  hormonal  or  neural  signals 
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from  the  hypothalamus. 

The  adenohypophysis  (pars  intermedia  and  pars  distalis)  is 
composed  of  several  distinct  cell  types  which  relate  to  the  secretion 
of  specific  hormones.  It  is  now  known  that  0-endorphin  is  synthesized 
and  secreted  together  with  ACTH  from  pars  distalis  corticotrophs  and 
with  a-MSH  from  pars  intermedia  melanotrophs.  Accordingly,  circulating 
levels  of  0-endorohin-like  immunoreactivitv  parallel  the  release  of 
ACTH  and  a-MSH  from  these  two  lobes.  ^  varietv  of  stresses  such  as 
limh  fracture,  foot  shock  and  immobilization  have  been  shown  to  elevate 
circulating  levels  of  both  0-endorphin  and  ACTH  (Cuillemin  et  al., 
1977).  In  addition,  physiologic  and  phamacologic  manipulations  known  to 
affect  pituitary  ACTH  secretion  (e.g.  adrenalectomy,  metyrapone  and 
glucocorticoids)  similarly  influence  0-endorphin  secretion  (Guillemin 
et  al.,  1977;  Hollt  et  al.,  1978).  Parallel  changes  in  blood-borne 
0-endorphin  and  a-MSH  are  more  difficult  to  demonstrate  since  few 
stimuli  are  known  to  selectively  activate  pars  intermedia  secretion. 
Since  pars  distalis  0-endorphin  and  ACTH  and  pars  intermedia  0-end- 
orphin  and  a-MSH  appear  to  share  similar  secretory  patterns,  it  can 
be  inferred  that  these  peptides,  likewise,  share  common  regulatory 
mechanisms.  F.vidence  to  date  indicates  that  these  peptides  do  share 
common  regulatory  mechanisms  and  that  the  regulation  of  pars  distalis 
secretion  is  different  and  separate  from  that  of  the  pars  intermedia. 

Pars  distalis  0-endorphin  secretion,  like  ACTH  secretion,  is 
most  likelv  regulated  bv  humoral  factors  secreted  hv  hvpothalamic 
neurosecretory  cells  (hvpothalamic  hormones)  or  released  from  its 
possible  target  organs.  These  hormones  reach  nars  distalis  cortico¬ 
trophs  by  way  of  the  hypothalamic-hypophysial  (pituitary)  portal  blood 


system.  The  synthesis  and/or  release  of  hypothalamic  hormones  into 
the  portal  blood  vessels  is  regulated,  in  turn,  by  neuronal  pathways 
mostly  originating  in  the  mesencephalon  and  lower  brain  stem.  In 
contrast,  pars  intermedia  8-endorphin,  like  a-MSH,  is  most  likely 
regulated  by  the  neurons  which  directly  innervate  this  lobe  since  the 
pars  intermedia  has  little  apparent  connection  with  the  portal  blood 
system  and  is  relatively  avascular. 

Anterior  lobe  ACTH  secretion  is  balanced  between  a  stimulatory 
signal  from  the  hypothalamus  via  the  hypothalamic  hormone  corticotropin 
releasing  factor  (CRF)  and  an  inhibitory  feedback  signal  from  adrenal 
cortical  glucocorticoids.  CRF  has  been  shown  also  to  he  a  potent  stim¬ 
ulator  of  8-endorphin-like  immunoreactivity  from  anterior  lobe  cells 
in  vitro  (Vale  et  al.,  1979,  1983)  and  in  vivo  (Rivier  et  al., 

1982).  Furthermore,  glucocorticords  have  been  shown  to  selectively 
inhibit  the  release  of  8 -endorphin-like  immunoreactivity  from  the  anter 
ior  lobe  both  in^  vitro  (Vale  et  al,  1979;  1983)  and  vn_  vivo  (Mueller 
et  al.,  1981).  Other  weaker  secretagogues  that  exclusively  stimulate 
the  release  of  8-endorphin-like  immunoreactivity  from  cultured  anterior 
lobe  cells  are  lysine  vasopressin,  oxytocin,  norepinephrine  and  angio- 
tension  II  (Vale  et  al.,  1983). 

In  contrast  to  the  anterior  lobe,  intermediate  lobe  (pars 
intermedia)  8-endorphin  secretion  appears  to  be  regulated  by  direct 
neural  contacts  rather  than  by  a  humoral  mechanism.  Consequently  CRF, 
except  at  high  concentrations,  and  other  circulating  hormones  (Vale  et 
al.,  1979;  1983)  appear  to  have  little  influence  on  the  ohvsiologic 
regulation  of  intermediate  lobe  8-endorphin  secretion.  Since  dopa¬ 
minergic  and  noradrenergic  neurons  innervate  the  pars  Intermedia,  it 
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is  not  surprising  that  dopamine  and  6-adrenergic  agents  have  been 
shovm  to  have  a  direct  effect  on  intermediate  lobe  6-endorphin  secre¬ 
tion.  Dopamine  has  been  shown  to  inhibit  (Vale  et  al . ,  1979;  Vermes 
et  al.,  1980),  whereas,  8-adrenergic  receptor  agonists  have  been 
shown  to  stimulate  (Pettibone  and  Mueller,  1982)  the  secretion  of 
8-endorphin-like  immunoreactivity  from  the  pars  intermedia  in  vivo. 

In  vivo  dopamine  neurons  have  been  shown  to  inhibit  pituitary  MSH 
(Tilders  and  Smelik,  1977)  and  immunoreactive  6-endorphin  secretion 
(Giraud  et  al.,  1980;  Farah  et  al.,  1982). 

Evidence  to  date  suggests  that  the  neurotransmitter  systems 
that  regulate  pituitary  ACTH  secretion,  likewise,  influence  oars  distalis 
8— endorphin  secretion.  Although  catecholaminergic  and  serotonergic 
neurons  have  been  reported  to  inhibit  or  have  no  effect  on  ACTH  release 
(Ganong  et  al.,  1976;  Tilgedy  and  Vermes,  1973),  the  maiority  of  evidence 
supports  a  stimulatory  role  for  these  biogenic  amines  in  the  release  of 
CRF -mediated  ACTH  and  6-endorphin  (Vale  et  al.,  1978;  Fuller,  1981, 
Pettibone  and  Mueller,  1982;  Bruni  et  al.,  1982).  Since  catecholaminergic 
and  serotonergic  neurons  are  not  known  to  innervate  the  pars  distalis, 
their  control  over  corticotrophic  6-endorphin  secretion  is  most  likely 
mediated  through  CRF  or  some  other  hypothalamic  8-endorphin  releasing 
factor (s ) . 

Thus,  in  summary,  the  pars  distalis  and  pars  intermedia  represent 
two  separate  sources  of  pituitary  8-endorphin.  Furthermore,  the 
regulation  of  pars  distalis  and  oars  intermedia  8-endorphin  secretion, 
like  the  biosynthetic  processing  of  POMC,  is  different  for  these  two 
lobes  of  the  adenohypophysis.  Whereas  pars  distalis  8-endorphin 
secretion  appears  to  be  regulated  hv  a  humoral  mechanism,  pars  inter- 
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media  8-endorphin  is  primarily  regulated  by  the  neurons  which  innervate 
this  lobe.  Ultimately,  CNS  neurotransmitter  pathways  carrying  inputs 
from  various  portions  of  the  brain  govern  the  release  of  hypothalamic 
hormones  and  possibly  control  the  neurons  which  directly  influence 
pituitary  secretion. 

SEROTONIN  NEURONS  AND  THE  REGULATION  OF  PITUITARY  B -ENDORPHIN 
Serotonin  Neurons  and  Analgesia: 

A  growing  body  of  literature  has  accumulated  to  support  an 
important  role  for  serotonin  neurons  in  endogenous  pain  control. 

Since  endogenous  opiates  are  known  to  be  involved  in  mechanisms  of 
analgesia,  then  the  possibility  of  serotonergic  regulation  of  endogenous 
opiates  is  likely  and  of  particular  interest  to  study. 

The  first  evidence  that  serotonin  neurons  play  a  role  in  the 
behavioral  response  to  noxious  stimuli  was  made  by  Tenen  in  1967.  He 
observed  that  following  the  administration  of  para-chloropheny lalanine 
(PCPA),  a  drug  which  reduces  serotonin  biosynthesis,  rats  had  a  shorter 
latency  response  to  a  painful  stimulus.  Moreover,  this  hyperalgesia 
could  he  reversed  by  treating  the  animals  with  doses  of  serotonin 
precursors  which  restored  serotonin  content  and  presumably  serotonergic 
function.  These  basic  findings  have  been  repeated  in  subsequent  experi¬ 
ments  carried  out  in  other  laboratories  (see  Messing  and  Lytle  1977). 

In  addition,  similar  alterations  in  nociception  have  been  reported  in 
humans  treated  with  PCPA  (Sicuteri  et  al.,  1973).  The  majority  of  the 
evidence  indicates  that  pharmacological  reductions  in  hrain  serotonin 
concentrations  are  associated  with  a  behavioral  hyperalgesia  which  can 
be  reversed  by  treatments  which  restore  serotonin  content  and  presumably 


serotonin  function 


Analgesia  has  been  observed  following  other  drug  treatments  that 
increase  the  probability  of  serotonergic  neurotransmission.  For  example 
fluoxetine,  a  serotonin  reuptake  blocker,  produces  analgesia  in  rats 
presented  with  different  intensities  of  electric  footshock  and  antag¬ 
onizes  the  hyperalgesia  associated  with  PCPA  treatment  (Messing  et  al . , 
1975).  Along  similar  lines,  animals  treated  with  quipazine,  a  serotonin 
receptor  stimulator,  also  show  analgesic  responses  as  determined  by  the 
hot-plate  method  or  tail  compression  test  (Samanin  et  al.,  1976). 
Moreover,  the  quipazine-induced  analgesia  can  be  antagonized  by  pretrea— 
tment  with  a  serotonin  receptor  blocker  (Samanin  et  al.,  1976). 

Similar  to  the  findings  observed  with  pharmacologic  manipulations 
electrical  or  chemical  destruction  of  serotonergic  neurons  produced  in¬ 
creased  pain  sensitivity.  Harvey  and  co-workers  (Harvey  et  al.,  1974) 
found  that  electrolytic  lesions  of  serotonin  raphe  nuclei  which  produced 
large  reductions  in  forebrain  serotonin  concentration  were  correlated 
with  increased  pain  sensitivity  which  could  he  reversed  with  5-hydroxy- 
trvptophan  (5-HTP;  a  serotonin  hiosvnthetic  precursor)  but  not  with 
other  amino  acids  not  involved  in  serotonergic  neurotransmission.  It  is 
presumed  that  serotonin  is  converted  to  serotonin  in  undamaged  serotonin 
neurons  which  increase  their  neural  activity  to  compensate  for  the  lost 
serotonergic  function.  This  finding  lends  support  to  the  hypothesis 
that  serotonin  neurons  are  the  critical  factor  involved  in  the  develop¬ 
ment  of  hyperalgesia.  Not  all  findings,  however,  are  consistent  with 
the  hypothesis  that  a  reduction  in  serotonin  function  is  associated 
with  an  increase  in  pain  sensitivity.  Others  have  shown  that  electro¬ 
lytic  or  chemical  lesions  of  serotonin  raphe  nuclei  produce  no  change 
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in  pain  responsiveness,  whereas  lesioning  of  serotonin  axons  or  ter¬ 
minal  regions  produce  hyperalgesia.  Hence,  different  lesions  aimed  at 
serotonin  cell  bodies,  axons  or  terminals  seen  to  produce  comparable 
forebrain  serotonin  reductions,  but  only  axon  and  terminal  lesions 
result  in  hyperalgesia.  The  reasons  for  these  disparities  are  not 
clear,  but  it  has  heen  suggested  that  destruction  of  serotonin  cell 
bodies  may  result  in  damage  to  adjacent  hindbrain  tissue  (the  central 
gray  area)  which  when  damaged  is  known  to  produce  analgesia.  In  ad¬ 
dition,  it  is  possible  that  the  analgesia  associated  with  serotonin 
neurons  is  a  post-synaptic  receptor  phenomenon  which  is  abolished 
following  serotonergic  nerve  terminal  destruction. 

Although  the  results  of  Harvey  et  al.  (1974)  suggest  that  an 
ascending  serotonergic  brain  system  is  involved  in  mediating  the  be¬ 
havioral  response  to  noxious  stimuli,  data  obtained  from  studies  where 
raphe  nuclei  have  been  stimulated  electrically  suggest  that  a  descend¬ 
ing  serotonergic  system  (with  cell  bodies  localized  in  the  posterior 
raphe  nuclei  and  axons  projecting  caudally  in  the  spinal  cord)  is  also 
important  for  pain  sensitivity  and  responsivitv  (see  Fig  3  for  seroto¬ 
nin  neuroanatomical  pathways).  F.lectrical  stimulation  of  the  nucleus 
raohe  dorsalis,  which  projects  rostrally,  or  the  nucleus  raphe  magnus 
which  projects  to  the  spinal  cord,  both  produce  analgesia  in  rats 
(Samanin  and  Valzelli,  1971;  Proudfit  and  Anderson,  1975).  Interest¬ 
ingly,  the  stimulation-produced  analgesia  elicited  from  the  raphe 
nuclei  is  enhanced  in  animals  treated  with  serotonin  (Akil  and  Liehes- 
kind,  1975)  and  is  blocked  in  animals  pretreated  with  PCPA  (Akil  and 
Mayer,  1973).  Furthermore,  lesions  of  spinal  cord  dorsolateral  funicu¬ 
lus,  through  which  descending  serotonin-containing  neurons  project, 
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Figure  3.  A  schematic  diagram  illustrating  the  distribution  of  the 
main  serotonin  pathways  in  the  rat  central  nervous  system.  (Modified 
after  0.  Breese,  Handbook  of  Psychopharmacology ,  Vol  I,  1975).  The 
nine  clusters  of  raphe  serotonin  cell  bodies  are  designated  B1-B9  ac¬ 
cording  to  the  nomenclature  proposed  by  Dahlstrom  and  Fuxe  (1964). 

The  nuclear  equivalents  of  these  symbols  are  as  follows:  B1  -  N.  Raphe 
Pallidus;  B2  -  N.  Raphe  Obscurus;  B3  -  N.  Raphe  Magnus;  B4  -  small  cell 
group  close  to  N.  Vestibularis  Medialis;  B5  -  N.  Raphe  Pontis;  B6  -  Peri¬ 
ventricular  Gray  region;  B7  -  N.  Raphe  Dorsalis;  B8  -  N.  Raphe  Medianus, 
and  R9  -  N.  Raphe  Centralis  Superior 
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prevent  stimulation-produced  analgesia  (Basbaum  et  al.,  1977).  Other 
more  indirect  evidence  also  supports  this  hypothesis.  Microiontooho- 
retic  applications  of  serotonin  in  the  spinal  cord  inhibit  the  normal 
electrical  responses  of  dorsal  horn  spinal  cord  neurons  to  noxious 
stimuli  (Randic  and  Yu,  1976).  More  recently  it  has  been  shown  that 
local  (intrathecal)  inlection  of  serotonin  into  the  spinal  cord  of 
mice  produces  analgesia  and  an  inhibition  of  the  spinal  action  of 
intrathecally  administered  substance  P  (the  neurotransmitter  likelv  to 
be  involved  in  pain  transmission  between  the  primary  afferent  neuron 
and  ascending  spinal  cord  neurons)  (Hylden  and  Wilcox,  1983).  Anatom¬ 
ically,  nucleus  raphe  magnus  (NRM)  serotonin  neurons  project  to  spinal 
cord  areas  that  receive  primary  afferent  sensory  input  from  somatic  or 
visceral  nerves.  NRM  electrical  stimulation  results  in  strong  inhibi¬ 
tion  of  neurons  in  lamina  I  (marginal  layer)  and  lamina  V  of  the  spinal 
cord  both  of  which  respond  to  noxious  inputs.  In  contrast,  dorsal 
horn  neurons  which  respond  maximally  to  innocuous  mechanical  stimula¬ 
tion  are  not  inhibited  by  NRM  stimulation.  In  summary,  anatomically 
and  physiologically,  serotonin  in  the  NRM  constitutes  a  descending 
inhibitory  influence  on  oain  transmission  at  the  level  of  the  spinal 
cord  dorsal  horn  and  appears  bv  this  mechanism  to  be  involved  in  stimu¬ 
lation-produced  analgesia  as  well. 

Changes  in  nociception  have  also  been  observed  following  dietarv 
manipulations  of  serotonergic  neurons.  The  rate  at  which  serotonin  is 
synthesized  in  brain  neurons  is  dependent,  in  part,  on  the  availability 
of  its  amino  acid  precursor,  tryptophan.  Tryptoohan  hvdroxylase,  which 
hydroxylates  tryptophan  to  5-hydroxvtrvptophan,  is  not  saturated  at 
normal  brain  concent  rat i ons  of  trvptophan,  and  it  is  also  not  regulated 
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by  end-product  inhibition.  Increases  in  dietary  amounts  of  tryptophan, 
therefore,  result  in  increased  serotonin  synthesis  (Fernstrom  and 
Wurtman,  1971)  and  presumably  increased  serotonergic  neurotransmission. 

The  results  of  recent  experiments  show  that  diet-induced  alter¬ 
ations  in  serotonin  synthesis  are  correlated  with  changes  in  pain 
responses  that  are  similar  to  those  seen  after  pharmacological,  surgi¬ 
cal  or  e lectrophvsiological  manipulations  of  serotonin.  In  one  studv, 
animals  fed  a  low  tryptophan  diet  and  having  reduced  brain  concentra¬ 
tions  of  tryptophan  and  serotonin  were  hvperalgesic  to  electric  foot- 
shock.  Furthermore,  these  nutrition-related  effects  could  be  reversed 
by  adding  tryptophan  to  the  diet  (Lytle  et  al.,  1975).  In  other  related 
experiments  it  was  shown  that  PCPA  treatment  which  depletes  serotonin  by 
inhibiting  its  synthesis  potentiated  the  hyperalgesia  produced  following 
the  administration  of  a  tryptophan  deficient  diet  (Messing  et  al.,  1976). 
Furthermore,  fluoxetine  which  increases  synaptic  concentrations  of 
serotonin  by  blocking  its  reuptake  into  presynaptic  neuron  terminals, 
produced  an  analgesia  to  electric  footshock  in  control  and  tryptophan- 
deprived  animals. 

In  summary,  pharmacological,  physiological,  surgical  and  dietary 
manipulations  which  presumably  increase  serotonergic  neurotransmission 
are  associated  with  a  hehavioral  analgesia.  Reductions  in  serotonergic 
neurotransmission,  on  the  other  hand,  produce  a  hyperalgesia  which  under 
most  circumstances  can  he  reversed  bv  restoring  serotonergic  function. 
However,  the  precise  relationship  that  may  exist  between  serotonin  neuro- 
transmission,  endogenous  opiate  neptides  and  analgesia  remains  to  be 
e lucidated . 


A  variety  of  studies  provide  evidence  that  serotonin  neurons  are 
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important  mediators  of  morphine  analgesia.  Manipulations  which  increase 
serotonergic  neurotransmission  enhance  morphine  analgesia  (opiate  anal¬ 
gesia),  whereas  manipulations  which  decrease  it  attenuate  morphine's 
antinociceptive  properties.  Tenen  (1968)  was  the  first  to  show  that 
PCPA-induced  inhibition  of  brain  serotonin  synthesis  antagonized  morphine 
analgesia  and  that  these  effects  could  he  reversed  hy  serotonin  admini¬ 
stration.  These  basic  findings  have  been  reported  in  some,  hut  not  all, 
laboratories.  Other  studies  using  different  drug  manipulations  of  ser¬ 
otonin  offer  strong  support  for  the  neurotransmitter's  role  in  analgesic 
drug  potency.  p-Chloroampbetamine  and  fenfluramine  which  have  a 
bipbasic  effect  on  serotonin  neurons-initially  releasing  serotonin  and 
then  reducing  serotonin  concentrations  in  hrain  and  spinal  cord  - 
produce  biohasic  effects  on  the  antinociceptive  properties  of  morphine 
-initially  enhancing  morphine  analgesia,  later  attenuating  its  effects 
(Duncan  and  Spencer,  1973).  The  neurotoxic  drug  5, 6-dihydroxytryptamine 
also  attenuates  morphine  analgesia,  apparently  by  destroying  descending 
serotonergic  neurons  in  the  spinal  cord  (Vogt,  1974).  Consistant  with 
these  findings,  other  serotonin  drugs  of  known  actions  produce  predict¬ 
able  changes  in  morphine  analgesia.  For  example,  morphine  analgesia 
is  enhanced  in  animals  pretreated  with  the  serotonin  reuptake  blocker, 
fluoxetine  (Messing  et  al.,  1975),  or  with  intraventricular  iniections 
of  serotonin  (Sewell  and  Spencer,  1074)  and  is  diminished  in  animals 
oretreated  with  serotonin  receptor  antagonists  (Yaksh  et  al,  19761. 

Neurophysiological  and  lesion  studies  further  support  the  hypo¬ 
thesis  that  ascending  and  descending  serotonergic  raphe  nuclei  are 
important  mediators  of  opiate  analgesia.  Electrical  stimulation  of 


ascending  ( N .  Raphe  Dorsalis  and  Medianus)  and  descending  NRM  raphe 
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nuclei  potentiate  morphine's  analgesic  potency  (Samanin  and  Valzelli, 
1971;  Sharpe  et  al.,  1974;  Malick  and  Goldstein,  1976),  whereas  electro¬ 
lytic  or  chemical  lesions  of  these  raphe  nuclei  attenuate  opiate  anal¬ 
gesia  (Saminin  et  al.,  1973;  Proudfit  and  Anderson,  1975;  Vogt,  1974). 

In  addition,  morphine  administration  has  been  shown  to  increase  neuronal 
activity  in  the  NRM  (Oleson  and  Liebeskind,  1975)  which  appears  to 
mediate  a  direct  inhibitory  effect  on  dorsal  horn  neurons  involved  in 
noxious  input  responses. 

In  summary,  a  rather  wide  variety  of  evidence  based  on  studies 
utilizing  pharmacological,  electrophysiological ,  surgical  or  dietary 
manipulations  indicates  that  brain  and  spinal  cord  cells  utilizing  sero¬ 
tonin  as  their  neurotransmitter  are  intimately  involved  in  nociceptive 
responses  as  well  as  in  mediating  SPA  and  some  of  the  effects  of  opi¬ 
ate  analgesia.  In  general,  increases  in  serotonergic  neurotransmission 
are  associated  with  a  decrease  in  oain  sensitivity  and/or  reactivity 
and  increases  in  analgesic  drug  potency.  In  contrast,  decreases  in  ser¬ 
otonergic  neurotransmission  are  associated  with  hyperalgesia  and  dimin¬ 
ished  opiate  drug  potency.  It  should  be  noted  that  other  neurotrans¬ 
mitter  systems  are  also  known  to  interact  in  the  brain  and  spinal  cord 
to  mediate  normal  and  drug-induced  changes  in  pain  response.  Taken  to¬ 
gether  there  is  much  evidence  to  suggest  that  SPA  and  opiate  analgesia 
share  common  anatomical  substrates  involving  the  ascending  and  descend¬ 


ing  serotonergic  pathways  in  the  CNS. 
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Serotonin  Neurons  and  Analgesia  Involving  Endogenous  Opiates: 

Evidence  to  date  suggests  that  SPA  and  opiate  analgesia  share, 
at  least  in  part,  a  common  neurohumoral  substrate  -  possibly  the  endo¬ 
genous  opiates.  Many  common  features  exist  between  the  anatomy,  physio¬ 
logy  and  pharmacology  of  SPA  and  opiate  analgesia.  The  most  effective 
sites  for  SPA  and  opiate  analgesia  by  intracerebral  injection  overlap 
considerably.  The  ventrolateral  PAO  is  the  most  effective  site  for  both 
and  there  is  cross-tolerance  between  opiate  analgesia  and  SPA  fMaver  and 
Haves,  1075) .  The  PAO  is  also  rich  in  ooiate  receptors  and  endogenous 
opiate  content.  Finallv,  and  most  important Iv,  it  has  been  shown  that 
naloxone,  a  specific  narcotic  antagonist,  partially  hlocks  SPA  (Akil  et 
al.,  1976).  A  most  parsimonious  explanation  for  the  striking  similai 
ities  between  SPA  and  opiate  analgesia  is  that  brain  stimulation 
causes  the  release  of  an  endogenous  ooiate  substance  -  the  endorphins. 

In  support  of  this  hypothesis,  CNS  endorphin  distribution  correspond 
well  to  sites  where  opiate  analgesia  and  SPA  exert  their  analgesic 
effect  and  to  the  localization  of  opiate  receptors. 

There  is  also  much  evidence  to  suggest  a  functional  link  between 
the  endorphins  and  serotonergic  pathways  mediating  analgesia.  Stimu¬ 
lation  of  raphe  nuclei  leads  to  analgesia  that  can  be  completely  block¬ 
ed  by  prior  treatment  with  naloxone  (Oliveras  et  al.,  1977).  Opiate 
analgesia  requires  functionally  intact  ascending  and  descending  sero¬ 
tonergic  nathwavs.  The  remarkable  overlap  between  the  regional  distri¬ 
bution  of  spinal  cord  opiate  receptors,  enkephalins  and  the  location 
of  axon  terminals  from  the  NRM  suggest  that  this  raphe  nucleus  is 
involved  in  pain-suppression  at  the  spinal  cord  level.  Furthermore, 
large  midbrain  inputs  to  the  NRM,  including  a  projection  from  the  ven- 
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trolateral  PAG,  have  been  described  (see  3asbaum  and  Fields,  1978). 

This  latter  connection  may  mediate  the  analgesia  produced  by  micro¬ 
injection  of  opiates  or  electrical  stimulation  of  the  PAG.  Other 
anatomical  and  physiological  data  suggest  that  in  addition  to  inputs 
from  opiate-sensitive  brainstem  structures,  the  NRM  may  also  receive 
major,  though  indirect,  somatosensory  input  from  pain-transmitting 
systems  (see  Basbaum  and  Feilds,  1978). 

The  preceeding  evidence  has  prompted  Basbaum  and  Fields  (1978) 
to  propose  a  model  of  the  endogenous  pain  control  system  which  may  be 
summarized  as  follows.  Cells  in  the  PAG  and  its  rostral  diencephalic 
extention,  the  periventricular  grav,  can  be  activated  hv  electrical 
stimulation,  opiate  administration  or  possibly  endogenous  opiate  release 
at  these  sites.  PAG  cells,  in  turn,  project  to  and  activate  cells  in 
the  NRM  and  adjacent  N.  Reticularis  gigantocellularis.  These  medullary 
neurons  project  to  the  spinal  dorsal  horn  where  they  inhibit  pain 
transmitting  neurons  which  contain  substance  P  as  their  neurotransmitter. 
In  the  case  of  the  NRM,  an  interposed  enkephalinergic  interneuron  may 
mediate  serotonergic  inhibition  of  pain  transmission  at  the  spinal  cord 
level.  The  pain-transmitting  neurons  (containing  primary  afferents) 
project  to  supraspinal  levels  and  indirectly,  via  the  N.  Reticularis 
gigantocellularis,  contact  the  cells  of  the  descending  analgesia  svstem 
in  the  PAG  and  NRM  thus  establishing  a  negative-feedback  loop.  Acti¬ 
vation  of  the  orimarv  afferent  pain-transmitting  neurons  hv  noxious 
stimulation  turns  on  the  descending  nain-suporession  svstem  which 
effectively  blocks  further  pain  transmission  at  the  sninal  cord  level. 

It  should  he  made  clear  that  Basbaum  and  Field's  model  mav  des¬ 
cribe  only  in  part  the  total  endogenous  pain  control  svstem.  The 
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model  incorporates  most  of  what  is  known  about  the  neural  circuitry  of 
pain  anti  the  involvement  of  descending  serotonergic  pathways  mediating 
pain  suppression.  Other  neurotransmitter  systems  are  also  known  to 
be  involved  in  pain  and  analgesia.  Much  evidence  to  date  suggests 
that  CNS  and  circulating  2-endorphins  play  an  important  role  in  pain 
and  analgesia,  and  it  is  possible  that  endogenous  opiates  function  in 
the  circuit  diagram  of  Basbaum  and  Fields  and  in  ways  not  incorporated 
by  their  model.  For  example,  the  release  of  2-endorphin  within 
limbic  structures  may  serve  to  alter  the  perception  of  pain,  and  cir¬ 
culating  6— endorphin  which  has  been  shown  to  desensitize  peripheral 
pain  receptors  may  provide  another  important  component  of  endogenous 
pain  control. 

Interestingly,  evidence  suggests  that  the  ascending  serotoner¬ 
gic  pathways  may  be  important  in  regulating  the  release  of  pituitary 
2-endorphin  and  thus  support  pituitary  2-endorphin  involvement  in  ser¬ 
otonin-mediated  analgesia.  Anatomically,  the  N.  Raphe  Dorsalis  and 
Medianus  which  provide  the  greatest  innervation  to  hypothalamic  regions, 
especially  the  median  eminence  (Descarries  and  Beaudet,  1978),  are  most 
likely  involved  in  pituitary  2-endorphin  regulation  since  these  neurons 
have  been  correlated  with  hypothalamic  and  anterior  pituitary  hormone 
release  (see  Weiner  and  Ganong,  1978).  Many  and  varied  neurophysio¬ 
logical  and  pharmacological  studies  have  supported  a  stimulatory  role 
of  brain  serotonin  neurons  in  the  regulation  of  CRF-mediated  ACTH  re¬ 
lease  (see  Fuller,  1981),  an  important  finding  since  pituitary  ACTH  and 
2— endorphin  share  common  regulatory  mechanisms.  Some  studies  have  shown 
that  serotonin  neurons  have  no  influence  or  inhihit  the  release  of  pitui¬ 
tary  ACTH  (see  Fuxe  et  al.,  1974).  The  apparent  disnaritv  between  these 
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reported  results  may  be  due  to  differences  in  methodology  and  speci¬ 
ficity  of  the  pharmacologic  agents  used  since  more  recent  studies  con¬ 
sistently  indicate  a  stimulatory  role  for  serotonin  neurons  in  ACTH 
release.  It  is  also  possible  that  serotonergic  inhibitory/stimulatory 
control  over  ACTH  may  reflect  the  different  post-synaptic  events  asso¬ 
ciated  with  the  recently  defined  Sj  and  S2  serotonin  receotor  subtypes 
(see  Peroutka  and  Snyder,  1981).  Despite  these  discreptancies,  in 
vitro  studies  have  shown  that  serotonin  can  increase  the  content  and 
release  of  CRF,  a  potent  ACTH  and  6-endorphin  releasing  factor,  from 
hypothalamic  tissue  (Buckingham  and  Hodges,  1970).  More  recently, 

Bruni  et  al.  (1982)  have  shown  that  serotonergic  drugs  elevate  nlasma 
levels  of  B-endorphin-like  immunoreactivitv  and  ACTH  in  rats.  Their 
results  also  indicated  that  serotonin  neurons  are  involved,  at  least 
in  part,  in  the  stress-induced  release  of  these  peotides.  These  obser¬ 
vations  are  consonant  with  the  hypothesis  that  the  analgesia  associated 
with  serotonin  activation  may  be  mediated  through  pituitary  6-endorphin. 

Other  evidence  suggesting  a  functional  link  between  brain  serotonin 
neurons  and  pituitary  8-endorphin  comes  from  stress  studies.  Various 
forms  of  physical  stress  known  to  increase  the  release  of  pituitary  6-end¬ 
orphin  have  been  shown  to  enhance  whole  brain  and  hypothalamic  serotonin 
metabolism  (Mueller  et  al.,  1976;  Bliss  et  al.,  1972;  Palkovits  et  al., 
1976),  suggesting  increased  activity  of  serotonin  neurons  during  stress. 

It  has  also  been  observed  that  under  conditions  of  stress  (immobilisation, 
electric  footshock,  cold  water  swim)  a  behavioral  analgesia  occur  in  lab¬ 
oratory  animals  (Amir  and  Amit,  1978;  Kulkarni,  I960;  Crau  et  al., 

1981).  Moreover,  this  stress-induced  analgesia  can  be  nartlallv  or 
completely  blocked  by  naloxone  (^rau  et  al.,  1981;  Amir  and  Amit, 


1978;  Kulkarni,  1980),  serotonin  antagonists  (Kulkarni,  1980;  Bhatta- 
charya  et  al.,  1978;  Lin  et  al.,  1980)  and  hypoohvsectony  (Lewis  et 
al,  1980;  Amir  and  Amit,  1978b;  Bodnar  et  al.,  1979).  Together  these 
observations  suggest  that  the  behavioral  analgesia  that  results  as 
a  consequence  of  stress  requires  serotonergic  neurotransmission  and 
opiate  receptor  ligands,  which  arise  in  part  from  a  pituitary  origin. 

In  addition,  pharmacologic,  neurophysiologic  and  dietary  approaches 
which  increase  serotonin  neurotransmission  result  in  a  behavioral 
analgesia  which  can  he  partially  blocked  by  naloxone,  further  suggesting 
a  functional  relationship  between  serotonin  neurons  and  endogenous 
opiates . 

In  summary,  much  evidence  has  accumulated  to  support  the  invol¬ 
vement  of  serotonin  neurons  in  endogenous  mechanisms  of  analgesia. 
Endogenous  opiate  peptides,  of  which  13-endorphin  is  the  most  potent, 
are  also  known  to  play  an  important  role  in  pain  and  analgesia.  Inter¬ 
estingly,  there  appears  to  exist  a  functional  relationship  between 
brain  serotonin  neurons  and  CNS  and  pituitary  opiate  peptides.  Pontine 
and  medullary  serotonin  neurons  projecting  down  the  spinal  cord  modu¬ 
late  pain  transmission  probably  through  a  mechanism  which  involves  the 
release  of  enkephalins  from  nerve  terminals  in  the  dorsal  horn.  In 
addition,  neural  communication  between  serotonin  neurons  of  the  mid- 
brain  raphe  nuclei  and  the  PAG,  a  region  rich  in  endorphinergic  nerve 
terminals,  provides  a  second  functional  substrate  of  the  endogenous 
analgesia  system.  Indirect  evidence  suggests  a  role  for  serotonin  neur¬ 
ons  in  the  regulation  of  pituitary  (3-endorphin  which  mav  represent  a 
third  process  involved  in  the  development  of  analgesia.  An  important 
ohiective  of  the  oresent  research  was  to  better  understand,  and  define 


the  CNS  mechanisms  regulating  pituitary-endocrine  function  in  mammals 
namely  the  regulation  of  6-endorphin,  a  potent  analgesic  peptide 
found  in  highest  concentration  in  the  pituitary  gland.  Further,  it 
was  hoped  that  an  understanding  of  regulatory  mechanisms  governing 
pituitary  8-endorphin  release  may  provide  insight  into  the  possible 
physiological  functions  of  pituitary  and  blood-borne  3-endorphin 
peptides.  Since  &-endorphinj_3i  is  only  secreted  in  appreciable 
amounts  by  the  pars  distalis  and  is  the  only  pituitary  peptide  with 
significant  analgesic  properties,  it  was  important  to  determine  the 
molecular  forms  and  thus  the  pituitary  source  (anterior  vs  intermed¬ 
iate  lobe)  for  6-endorphin-like  immunoreactivity  released  into  hlood 
in  response  to  serotonergic  drugs  and  under  different  physioloeic 
conditions.  Together,  these  findings  mav  further  substantiate  a  func 
tional  relationship  between  brain  serotonin  neurons  and  pituitarv 
3-endorphin  release  and  hence  provide  a  better  understanding  of  the 
endogenous  analgesia  systems  involving  serotonin  neurons  and  opiate 


peptides . 


MATERIALS  AND  METHODS 


A.  Animals : 

All  experiments  were  conducted  on  mature,  male,  Sprague-Dawley 
rats  (Taconic  Farms,  Germantown,  NY),  weighing  200-350  g.  Animals 
were  housed  in  groups  of  four  at  22°C  (lights  on  from  0600-1800  hr) 
and  received  standard  rat  food  (Rat,  Mouse,  Hamster  Formula,  Charles 
River,  Syracuse, NY)  and  tap  water  ad  libitum. 

All  animals  were  accustomed  to  daily  handling  for  five  days  and 
were  acclimated  overnight  to  the  experimental  room  prior  to  the  ex¬ 
perimental  day  to  minimize  the  effects  of  non-specific  stress  that 
might  influence  pituitary  8-END  release. 

R .  Treatments : 

1 .  Drugs 

The  serotonergic  drugs  listed  in  Table  1  were  administered  as  single 
intraperitoneal  iniections  in  a  volume  of  0.2  mg/100  g  body  weight,  with 
the  exception  of  5-hydroxytryptamine  hydrochloride  and  5, 7-dihydroxy- 
tryptamine  creatinine  sulfate  which  were  injected  In  a  volume  of  3  u 1  into 
the  laceral  cerebral  ventricle  under  ether  anesthesia  according  to  the 
method  of  Noble  et  al.  (1967).  The  pharmacologic  actions  of  the  drugs 
listed  in  Table  1  have  been  reviewed  by  Fuller  (1980).  Drug  doses  and 
treatment  times  are  indicated  in  Table  1,  and  animals  receiving  appro¬ 
priate  vehicle  iniections  served  as  controls. 

All  experiments  were  conducted  between  Dgn0-130n  with  the  exception 
of  the  neurophvsiologic  studies  which  were  conducted  in  the  morning 
and  afternoon.  All  treatments  were  administered  in  a  randomized 
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Table  1.  Serotonergic  and  Other  drugs 
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block  design  with  6-8  rats  per  treatment  group. 

2.  Stress 

Physical  immobilization  or  etherization  were  used  as  near  maximal 
and  submaximal  stimuli  for  pituitary  8-END-LI  release,  respectively 
(see  below  and  Mueller,  1981).  Physical  immobilization  was  administered 
by  loosely  taping  rats  to  test  tube  racks  with  masking  tape  and  then 
placing  them  on  their  backs.  Thirty  minutes  later  animals  were  freed 
and  decapitated  to  collect  blood  samples.  Ether  stress  was  administered 
by  placing  rats  in  a  saturated  ether  chamber  for  90  seconds.  Animals 
were  then  allowed  to  recover  in  separate  cages  for  13  1/2  minutes. 

Blood  samples  were  collected  by  decapitation  at  15  minutes  after  the 
onset  of  etherization.  Both  stress  procedures  provide  reproducible 
stimuli  for  the  release  of  pituitary  8-END-LI  without  phvsicallv  in¬ 
juring  the  animals  (Mueller,  1981).  It  is  important  to  note  that  under 
these  conditions,  etherization  is  approximately  one  half  as  potent  in 
stimulating  8-END  release  as  immobilization.  Therefore,  etherization 
provides  a  submaximal  stimulus  for  8-END  release  which  can  be  either 
facilitated  or  antagonized  pharmacologically.  By  contrast,  physical 
immobilization,  which  results  in  far  greater  release  of  8-END,  provides 
a  model  for  examining  mechanisms  which  result  in  the  inhibition  of 
8-END  release. 

Sample  Collection: 

1.  Plasma  samples 


Trunk  blood  samples  were  collected  hv  decapitation  (within  15 
seconds  after  removal  from  cage)  Into  plastic  tubes  containing  n.6 
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ml  in%  EDTA  in  0.05M  phosphate  buffer  (pH  7.3)  and  50  mg%  bacitracin 
(Sigma  Chemical  Co.,  St.  Louis,  MO).  In  the  neurophysiologic  studies, 

0. 5-1.0  ml  of  blood  was  collected  over  time  from  an  indwelling  femoral 
arterial  catheter  (PE-50  silastic  tubing,  Clay  Adams  Inc.,  Piscataway, 

NJ)  into  plastic  tubes  containing  0.1  ml  10%  EDTA  in  0.05M  phosphate 
buffer  (pH  7.3)  and  50  mg%  bacitracin.  All  blood  samples  were  kept  on 
ice  until  plasmas  were  separated  by  centrifugation  (6,000  RPM,  20  min). 
Plasmas  were  stored  in  plastic  tubes  at  -70°C  until  assayed  for  0-END-Ll 
or  processed  further  for  gel  filtration  chromatography  (see  below). 

2.  Brain  dissection  and  tissue  collection 

a.  Hypothalamus  and  whole  brain  collection 

For  studies  in  which  brain  serotonin  content  was  manipulated 
(serotonin  precursors  and  neurotoxins)  hvoothalami  or  whole  brains  were 
rapidlv  removed  (within  90  seconds  of  decapitation),  dissected,  frozen 
on  dry  ice  and  stored  at  -70°C  until  assaved  for  serotonin  (within  24 
hr).  The  hypothalamus  was  dissected  as  a  region  3  mm  in  depth  lying 
between  the  rostral  borders  of  the  optic  chiasm  and  mammillary  bodies  and 
medial  from  the  optic  tracts.  The  average  weight  of  hvpothalamic  tis¬ 
sue  was  32±1  mg  (n=32),  and  that  of  whole  brain  tissue  was  1.7±0.01  g 
(n=48) . 

b.  Pituitarv  anterior  and  neurointermediate  lobe  dissection 

The  anterior  lobe  (pars  distalis)  and  neurointermediate  lobe  (pars 
intermedia  plus  pars  nervosa;  )JIL)  were  dissected  for  tissue  culture  and 
chromatographic  separation  of  3-FMO— LI  peptides.  Within  90  seconds 


after  decapitation,  the  brain  was  removed  from  the  skull  carefullv  to 
preserve  the  infundibulum  until  the  pituitary  stalk  could  be  visualized 
and  cut  at  the  base  of  the  brain.  With  the  aid  of  a  dissecting  micro¬ 
scope  and  fine  forceps,  the  NIL  tissue  was  gently  freed  from  its  adhesions 
to  the  pars  distalis.  To  avoid  possible  contamination  of  the  pars 
distalis  by  cells  of  the  pars  intermedia,  only  the  lateral  poles  of  the 
pars  distalis  were  collected. 

Assays : 

1 .  3-Endorphin  radioimmunoassay 

Immunoreactive  3— endorphin-like  peptides  were  measured  using  a  radio¬ 
immunoassay  (RIA)  (Mueller,  1930)  which  is  sensitive  to  less  than  10  pg 
of  camel  6-endorphin i_3^  standard  (Peninsula  Labs,  Inc.,  Ran  Carlos,  OA) 
The  assay  procedure  is  presented  in  Appendix  II.  Briefly,  iodinated 
8-END  was  prepared  by  a  standard  chloramine-T  reaction  procedure 
(Oreenwood  et  al . ,  1963)  and  purified  on  a  SeoPak”’  C-18  reverse  phase 
column  (Waters  Assoc.,  Milford,  MA)  using  40%  acetonitri le/O.05%  trifluoro- 
acetic  acid  as  the  eluent.  The  antibody  fC-55;  raised  in  a  rabbit 
against  camel  8-END^_3j  conjugated  to  bovine  thvroglobulin  (Sigma)], 
used  at  a  final  dilution  of  1:100,000,  binds  30-35%  of  iodinated  3-END 
in  the  absence  of  unlabelled  peptide  after  72  hrs.  incubation  at  4°C. 

The  antibody  detects  purified  human  3-lipotropin  (3-LPH)  (gifts  of 
Drs .  A.  Parlow  and  D.  Orth)  and  the  free  and  acetylated  forms  of  camel 
8-END[_27  and  camel  3-ENDi_3i  on  an  equimolar  basis.  The  antihodv 
dops  not  recognize ,  however,  the  following  peptides:  a-END  (6-EMD^j^), 
y-END  ( 3-ENO  j _ j  7 ) ,  methionine  enkephalin  (g-ENDj.g),  leucine  enkaphalin, 
a-melanocvte  stimulating  hormone  (a-MRH),  adrenoeorti cotrooio  (ACTH'l, 
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or  ocher  non-opiate  hypothalamic  or  pituitary  hormones,  hose-response 
curves  of  plasma,  incuhation  medium,  gel  filtration  fractions  and  pituitarv 
and  brain  tissue  extracts  parallel  camel  B-END ^  standard.  All 
samples  of  a  given  study  were  assayed  in  duplicate  at  two  dilutions 
using  the  same  RIA.  In  addition,  plasma  from  hypophysectomized  rats 
(Hormone  Assay  Labs,  Chicago,  IL)  or  heat-inactivated  horse  serum  (Grand 
Island  Biological  Co.  (GIBCO),  Grand  Island,  NY]  was  included  in  the 
standard  curve  and  non-plasma  samples  to  control  for  non-specific  plasma 
effects.  Plasma  levels  of  B-END-LI  are  expressed  as  ng/ml;  chromatography 
elution  profiles  of  plasma  3-END-LI  are  expressed  as  ng/fraction  and 
tissue  levels  of  B-END-LI  are  expressed  as  ng  B-END-LI/mg  protein. 

2.  Serotonin  Assay 

Hypothalamic  and  whole  brain  concentrations  of  serotonin  were  measured 
by  the  snectrof luoromet ric  method  of  Curzon  and  Green  (1970)  as  modified 
hv  Hvypa  et  al.  (1973).  The  details  of  this  assav  procedure  are  presented 
in  Appendix  III.  Rriefly,  brain  tissue  was  homogenized  in  acid  butanol 
and  centrifuged  (17,000  RPM,  20  min).  The  supernatent  was  separated  into 
an  aqueous  (0.1N  HC1)  and  organic  (heptane)  phase.  The  aqueous  layer 
(containing  serotonin)  was  transferred  into  glass  tubes  containing  11 
cysteine  and  then  reacted  with  o-phthaldialdehvde  solution  at  100°C  to 
induce  fluorescence.  Sample  fluorescence  was  read  at  355/480  nm  in  an 
Aminco-Bowman  spectrophotof luorometer.  Recoveries  for  serotonin  standard 
extracted  through  this  method  averaged  over  951.  Serotonin  concentrations 
in  tissue  are  expressed  on  a  tissue  weight  basis. 
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3.  Protein  Assay 

Protein  content  of  brain  tissues  was  measured  using  a  Bio-Rad  Protein 
Assav  (8io-Rad  Labs,  Richmond,  CA)  which  is  sensitive  to  5  micrograms 
protein  standard.  Physiologically  buffered  saline  solution  (0.09%  NaPl) 
was  used  to  dilute  protein  standards  (0.2  to  1.4  mg/ml),  anterior  lobe 
tissue  (1:500)  and  neurointermediate  lohe  tissue  (1:5,000).  Diluted  dve 
reagent  (Bio-Rad  Labs;  5  ml)  was  added  to  0.1  ml  aliquots  of  diluted  pro¬ 
tein  standards  and  brain  tissue  samples  and  vortexed.  After  a  period  of 
5  minutes  to  one  hour,  the  optical  density  (OD595)  of  each  sample  was  read 
and  compared  to  that  of  the  standard  curve  (OD595  vs.  micrograms  protein 
standard  concentration). 

E .  Separation  of  plasma  g-END-LI  peptides: 

Pel  filtration  chromatography 

Pel  filtration  chromatography  was  used  to  separate  total  B-END-LI  on 
the  basis  of  molecular  size  into  two  or  three  immunoreact ive  peaks  co¬ 
eluting  with  G-LPH,  G-F.ND1_3j  standards  and  larger  molecules  eluting  at  the 
void  volume.  Pooled  plasma  samples  (8  ml)  from  reoresentative  treatment 
groups  were  chromatographed  on  a  Sephadex  P-50  (fine  or  superfine  resin, 
Pharmacia  Inc.,  Piscatawav,  NJ)  column  (2.5  x  fiO  cm)  and  eluted  (0.5  ml/min, 
7.2  ml  fractions)  at  4°C  with  0.1N  acetic  acid  containing  0.05%  bovine 
serum  albumin,  0.02%  sodium  azide  and  0.05  mg/ml  bacitracin  (chemicals 
from  Sigma).  Aliquots  (2-3  ml)  of  each  fraction  were  lypophi lized  and 
resuspended  in  (0. 5-0.6  ml)  assay  buffer  (0.05M  phosphate  solution  con¬ 
taining  0.05%  bovine  serum  albumin,  0.02%  sodium  azide  and  0.05  mg/ml 
bacitracin;  pH  7.3)  and  analyzed  hv  RIA  for  G-END-LI.  Recoveries  for 


B-LPH-sized  and  B-END-sized  immunoreacti vies  were  over  95°', 


F .  Determining  the  pituitary  source  (anterior  vs.  intermediate  lobe)  of 
blood-borne  B-F.ND-LI: 


In  vitro,  anterior  lobe  (AL)  cells,  but  not  intermediate  lobe  (II.) 
cells,  secrete  a  molecular  form  of  (3-END-LI  which  resembles  B-LPH 
standard  (Fig.  12;  Lissitsky  et  al.  1978,  Smyth  and  Zakarian,  1980). 

In  addition,  glucocorticoids  selectively  inhibit  the  release  of  g-END-LI 
from  cultured  AL  cells  (Vale  et  al.,  1979).  It  has  also  been  shown  that 
the  in  vivo  administration  of  glucocorticoids  preferentially  lowers  pLasma 
levels  of  8-END-LI  resembling  8-LPH  in  molecular  size  (Mueller  et  al., 
1981)  further  suggesting  the  selective  influence  of  glucocorticoids 
over  AL  6-END-LI  secretion.  Thus  the  secretion  of  8-END-LI  correspond¬ 
ing  to  8-LPH  and  inhibition  of  this  release  bv  glucocorticoids  provides 
an  approach  for  studying  the  physiologic  regulation  of  pituitary  3-END-LI 
in  vivo . 

Plasma  levels  of  6-END-LI  resembling  3-LPH  and  6~pND1_31  in  molecul 
size  were  resolved  using  gel  filtration  chromatogranbv  (as  described  above) 
The  distinctive  elution  profiles  of  immunoreacti ve  6-END  released  bv  AL 
and  IL  cells  in  vitro  were  compared  to  those  of  0-F.ND-LI  present  in  the 
plasma  of  rats  treated  with  serotonergic  drugs.  Changes  in  plasma  levels 
of  6-F.ND-LI  resembling  3-LPH  served  as  a  marker  for  3-F.ND-LI  release 
from  the  AL  in  vivo. 


To  further  examine  serotonergic  influence  over  AL  and  IL  - -END  LI 
secretion,  the  effects  of  dexamethasone  on  the  molecular  forms  of  3-END-Ll 
released  in  response  to  serotonergic  stimulation  were  studied.  Animals 
were  pretreated  with  50  ug/kg  (to)  dexamethasone  sodium  phosphate  (Carter- 


Glogua  Labs,  Glendale,  A Z)  for  4  hours  prior  Co  treatment  with  fluoxetine 
(in  mg/kg,  ip,  15  min).  The  blood  collected  was  subiected  to  gel  filtra¬ 
tion  chromatograDhy  to  examine  the  effects  of  dexamethasone  treatment  on 
plasma  elution  profiles.  Since  dexamethasone  has  been  shown  to  select¬ 
ively  influence  AL  but  not  1L  0-ENO— LI  secretion,  a  reduction  in  the  flu¬ 
oxetine-induced  rise  of  0-LPH-sized  tmmunoreacti vity  following  dexametha¬ 
sone  treatment  would  further  substantiate  serotonergic  influence  over 
AL  0-END-LI  release. 

Pituitary  Cell  Culture: 

Primary  cell  cultures  of  rat  anterior  lobe  (AL)  or  neurointermediate 
lobe  (NIL;  pars  intermedia  plus  pars  nervosa)  were  established  according 
to  the  method  of  Vale  et  al.  (1978).  Pituitary  tissues  were  removed  (see 
Materials  and  Methods,  Sample  Collection  2b)  from  40  young  male  Snrague- 
Dawley  rats  weighing  100-150  g  which  were  killed  by  decapitation.  Tis¬ 
sues  were  immediately  placed  in  an  ice-chilled  solution  of  Oulbecco's 
Modified  Eagle's  Medium  containing  2%  horse  serum  (DMEM;  OTBCO). 

Poolen  NIL  and  AL  tissues  were  minced  and  washed  three  time  with 
Hank's  Balance  Solution  and  then  centrifuged  (2000  RPM,  10  min).  Tis¬ 
sues  were  then  dissociated  enzymatically  with  a  solution  containing 
3.5  mg/ml  collagenase,  1  mg/ml  hyaluronidase  and  30  mg/ml  albumin. 

The  fluid  layer  was  removed  and  tissues  were  again  dissociated  with 
pancreat in /Vio  Kase  (Sigma).  Approximately  3xl0/,+  NIL  cells  and  7x10"*  AL 
cells  were  plated  [10x16  mm  and  15x35  mm  culture  dishes,  respectively, 
(Falcon  Plastic  Co.,  Los  Angeles,  CA)  in  a  culture  medium  consisting  of 
DMEM  (Hi-glucose ) ,  10'S  horse  serum,  2.5%  fetal  calf  serum  (0IBC0),  0.1 
inM  glutamine,  and  1%  non-essential  amino  acids  (0IBC0).  Cells  were 


grown  at  37°C  in  an  atmosphere  of  95%  air: 5%  CO2. 

After  the  cells  had  become  established  (7-9  davs),  the  plates  were 
washed  four  times  with  2  ml  DMEM  containing  2%  horse  serum.  The  cells 
were  then  exposed  to  various  test  subtances  (serotonin  HC1  or  cortico¬ 
tropin  releasing  factor,  CRF)  in  2  ml  of  incubation  medium  (TIMF.M  con¬ 
taining  2%  horse  serum  plus  30  ug/ml  bacitracin)  for  90  minutes.  Drugs 
were  initially  dissolved  at  a  1  mM  concentration  of  0.3  mM  ascorbid  acid 
(Sigma).  Further  dilutions  were  made  in  incubation  medium  making  the 
final  concentration  of  ascorbic  acid  3  uM.  This  amount  of  ascorbid  acid 
does  not  influence  basal  release  of  B-END-LI  from  AL  or  NIL  cells 
(Pettibone  and  Mueller,  1982).  After  incubation,  medium  was  withdrawn, 
centrifuged  (2500  RPM,  20  min),  decanted  into  plastic  12x75  mm  test  tubes 
(Columbia  Diagnostics  Inc.,  Springfield,  VA)  and  frozen  (-70aC)  until 
assayed . 

Neurophysiologic  investigation  of  raphe  nuclei: 

The  neurophysiologic  studies  were  designed  to  further  examine  the 
role  of  two  raphe  serotonergic  nuclei  in  the  regulation  of  pituitarv  C -FND 
secretion.  Rats  were  anesthetized  with  a  urethane  (1.3  g/kg;  Sigmal- 
a-chloralose  (95  mg/kg;  Sigma)  solution  and  the  right  femoral  arterv  was 
cannulated  using  PE-50  tubing  (Clav  Adams,  Piscatawav,  N.T1  for  blood 
sampling.  The  rat  was  then  placed  in  a  stereotaxic  apparatus  (David  '<opf 
Model  900  instrument,  Tu-junga,  CA)  and  the  cranium  was  exposed.  A  small 
burr  hole  was  drilled  (Teledvne  Emesco,  NJ;  dental  Rur  no.  4)  through  the 
skull  at  the  level  of  the  Dorsal  Raphe  Nucleus  (DRN)  and  Median  Raphe  Nu¬ 
cleus  (MRN)  (1.3-1. 4  mm  anterior  to  lambda  and  on  the  midline).  The 
sagittal  vein  was  punctured  and  bleeding  was  controlled  using  gelfoam 
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powder  (Upjohn,  Kalamazoo,  MI),  A  stainless  steel  concentric  bipolar 
electrode  (SNE-100,  Rhodes  Medical  Instruments,  60  micron  barrel  diameter, 
10  micron  tip  diameter)  was  lowered  through  the  burr  hole  stereotaxicallv 
and  advanced  to  the  level  of  the  DRN  (8.3  mm  ventral  from  skull  surface} 
or  the  MRN  (10.3  mm  ventral  from  the  skull  surface).  A  biphasic  (0. 1-1.0 
msec  duration)  constant  current  (0.05-0.5  mAmps)  stimulus  (10  pulses 
per  second)  was  delivered  using  a  Grass  Instruments  S-88  stimulator  and 
Photoelectric  Stimulus  Isolation  Unit  with  constant  current  output 
(Grass  Instruments,  Quincy,  MA).  The  current  passed  through  the  electrode 
was  monitored  on  a  Techtronix  5115  oscilloscope  (Tektronix  Inc.,  Beaverton, 
OR).  Blood  samples  (0. 5-1.0  ml)  were  withdravm  before,  during  and  after 
3-15  minutes  of  stimulation  and  equal  volumes  of  0.9%  saline  were  reinfu¬ 
sed  after  each  blood  withdrawal.  Blood  was  collected  into  1  cc  plastic 
tuberculin  syringes  containing  0.1  cc  of  10%  EDTA  with  50  ng/ml  baci¬ 
tracin.  Blood  was  transferred  into  1.5  ml  plastic  microcentrifuge  tubes 
(AGonics,  Brooklyn,  NY)  and  stored  on  ice  until  centrifuged.  Plasma  was 
stored  at  -70°C  until  assayed  by  RIA  for  B-ENO-LI.  Control  animals 
were  treated  similarly  with  an  electrode  placed  in  the  T)RN  or  MRN  but 
no  current  was  passed.  Electrode  placement  in  all  animals  was  verified 
by  first  marking  the  site  by  passing  a  direct  current  (4  pA,  20  sec.) 
through  the  electrode  tip  and  then  perfusing  the  animal  with  a  10%  for¬ 
malin-phosphate  buffer  solution  (Fisher  Scientific  Fairlawn,  NJ)  con¬ 
taining  1%  potassium  ferricyanide .  The  potassium  ferricvanide  reacts 
with  the  deposited  iron  from  the  electrode  tip  aad  results  in  a  blue 
stain  which  marks  the  site  of  the  electrode  tip.  Brains  were  removed 
and  frozen  for  serial  sectioning  (36  micron  slices)  on  a  Damon-tEC 
Refrigerated  Microtome,  Needham  Hts.,  MA.  Brain  slices  were  mounted  on 
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glass  slides  and  observed  under  a  light  microscope. 

I .  Statistical  Analysis: 

Statistical  analysis  of  data  was  carried  out  on  a  Hewlett  Packard 
RT  3  computer  using  analysis  of  variance  (one-way  analysis  of  variance 
for  dose-response  and  time  course  studies;  two-way  analysis  of  variance 
for  combined  treatment  studies)  followed  bv  Duncan's  Multiple  Ranste  Test 
for  comparison  (Winer,  1970).  The  level  of  significance  was  chosen  to 
be  p<0.05. 


RESULTS 


THE  EFFECTS  OF  SEROTONIN  PRECURSORS  UN  PLASMA  LEVELS  OF  g-RNn-LI 

In  order  to  understand  how  pharmacologic  agents  can  he  used  to  se¬ 
lectively  alter  serotonergic  neurotransmission,  it  is  important  to  appre¬ 
ciate  what  is  known  about  the  normal  function  of  serotonin  neurons  (Fig. 
A).  Tryptophan  is  an  essential  amino  acid  which  is  actively  transported 
into  serotonin  neurons  where  it  is  hydroxylated  to  form  5-hydroxytryp- 
tophan  ( 5-HTP)  by  tryptophan  hydroxylase.  This  enzyme  controls  the 
rate-limiting  step  in  the  synthesis  of  serotonin  but  the  precise  manner 
by  which  it  is  regulated  is  not  completely  understood.  Tryptophan  hydro¬ 
xylase  is  not  tightly  regulated  bv  an  end-product  inhibitory  mechanism, 
and  it  is  not  saturated  bv  concentrations  of  tryptophan  normally  found 
in  the  brain.  Thus,  changes  in  brain  concentrations  of  tryptophan  can 
alter  the  rate  of  serotonin  synthesis  (Fernstrom  Wurtman,  1 Q 7 1  ■) . 

Unce  synthesized,  5-HTP  is  almost  immediately  decarhoxvlated  bv 
an  aromatic  amino  acid  decarboxylase  to  yield  5-hvdroxytryptamine  or 
serotonin.  (This  decarboxylase  enzyme  is  thought  to  Be  the  same  enzyme 
involved  in  the  biosynthesis  of  catecholamines.)  *!ewly  synthesized 
serotonin,  in  turn,  may  be  stored  within  intraneuronal,  vesicles  or 
released  from  the  nerve  terminal  in  response  to  a  neuronal  impulse, 
electrical  stimulation  or  drugs  (Muller  et  al.,  1977). 

Following  its  release  into  the  synaptic  cleft,  serotonin  can  bind 
reversibly  with  either  post-synaptic  or  pre-synaptic  serotonin  receptors. 
Binding  to  post-synaptic  receptors  completes  the  process  of  neurotrans¬ 
mission  across  the  svnapse.  Pre-svnaptic  recentors  located  on  serotonin 
neurons  themselves  appear  to  function  as  autoreceptors  modulating  the 
further  synthesis  and  release  of  serotonin  according  to  the  concentration 

hi 
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Figure  4.  A  schematic  of  a  serotonin  neuron  and  how  it  functions. 

The  amino  acid  tryptophan  is  taken  up  by  the  neuron  and  hvdroxvlated 
to  5-hydroxy tryptophan  (5-HTP)  hy  tryptophan  hydroxylase  (TOH).  5-HTP 
is  subsequently  decarboxvlated  to  5-hydroxytryptamine  (5-HT;  serotonin) 
by  L-aromatic  amino  acid  decarboxylase  (L-AADC).  Serotonin  is  stored 
in  vesicles  from  which  it  is  released  into  the  synaptic  cleft  in  re¬ 
sponse  to  nerve  impulses.  Within  the  cleft  it  may  combine  reversibly 
with  post-synaptic  receptors  (action  on  these  receptors  completes  the 
process  of  neurotransmission  across  the  synapse)  or  pre-synaptic  re¬ 
ceptors  (these  receptors  modulate  the  synthesis  and  release  of  sero¬ 
tonin).  The  action  of  serotonin  on  synaotic  receptors  is  terminated 
bv  serotonergic  reuptake  into  the  nerve  terminal  where  it  mav  either 
he  re-incomorated  into  storage  granules  or  degraded  enz vmaticallv  bv 
a  monoamine  oxidase  (MAD) /aldehyde  dehydrogenase  (AhH)  pathway  to 
5-hydroxyindoleacetic  acid  (5-HIAA),  the  maior  metabolite. 
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^  5-HTP 
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>  5-HIAA 
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of  serotonin  in  the  svnaptic  cleft. 

Serotonin's  action  at  post-  or  pre-svnaptic  receptors  is  termin¬ 
ated  when  serotonin  is  either  metabolized  by  extraneuronal  monoamine 
oxidase  (MAO)  or  is  transported  back  into  the  nerve  terminal  bv  a  ster- 
eosoecif ic  active  uptake  mechanism.  Within  the  nerve  terminal,  seroto¬ 
nin  may  either  be  re-incorporated  into  storage  vesicles  or  degraded  enz¬ 
ymatically  through  a  MAO  pathway  to  5-hydroxyindoleacetic  acid  (5-HIAA), 
the  major  metabolite.  Changes  in  the  rates  of  serotonin  synthesis  and 
metabolism,  as  judged  by  changes  in  the  ratio  of  serotonin/5-HIAA  have 
been  used  as  an  index  of  serotonergic  neuronal  activity  or  turnover. 

Recently,  two  distinct  serotonin  receptors,  designated  S^  and  S9, 
have  been  dif f erentiated  in  the  central  nervous  system  (CNS)  on  the  basis 
of  radioligand  binding  studies.  Sj  receptors,  which  are  selectively 
labeled  by  tritiated  serotonin,  appear  to  he  coupled  to  adenylate 
cyclase  and  are  regulated  by  guanine  nucleotides  (Pernutka  et  al.,  1979). 
At  this  receptor  site,  agonists  are  generally  more  potent  than  antagon¬ 
ists  at  competing  with  the  radioligand  for  binding.  The  S2  receptors, 
which  are  labeled  by  tritiated  spiperone,  are  not  influenced  bv  nucleo¬ 
tides.  At  this  receptor,  currently  known  antagonists  generally  are  more 
potent  than  agonists  at  competing  with  the  radioligand  for  binding. 

Subsequent  studies  have  provided  evidence  to  suggest  that 
and  So  receptors  mediate  different  physiologic  functions  (see  Peroutka 
et  al.,  1981).  By  comparing  drug  affinities  for  Sj  and  Sy  binding  sites 
with  drug  potencies  in  blocking  serotonin  behavioral  effects  in  rodents, 
it  has  been  inferred  that  S2  receptors  mediate  the  "central  serotonin 
syndrome".  This  behavioral  hyperactivity  which  follows  central  seroto¬ 
nin  stimulation  is  characterized  bv  resting  tremor,  splaved  hindlimbs, 
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side- to- side  head  weaving  and  head  twitching.  Accordingly,  serotonin 
antagonists  which  block  this  serotonininduced  behavioral  syndrome  hind 
S 2  receptor  sites  in  vitro  with  higher  affinity  than  Sj  sites.  Similar 
studies  have  shown  that  drug  potencies  as  inhibitors  of  serotonin- sensi¬ 
tive  adenylate  cyclase  correlate  well  with  their  affinities  for  but 
not  S2  receptors  suggesting  that  Sj  receptors  are  regulated  by  guanine 
nucleotides,  a  phenomenon  commonly  reflecting  a  linkage  to  adenylate 
cyclase. 

In  addition  to  playing  a  role  in  numerous  behavioral  systems, 
serotonin  is  known  to  elicit  both  synaptic  inhibition  and  excitation  in 
the  brain  (Haigler  &  Aghajanian,  1974).  Some  data  suggests  that  these 
differential  neurophysiological  actions  of  serotonin  may  also  reflect 
discrete  effects  at  Sj  or  S2  receptors.  Synaptic  excitation  by  iontopho- 
retically  applied  serotonin  is  antagonized  hv  drugs  which  are  40  to  400 
times  more  notent  at  Rp  ttian  S 1  receptors.  Conversely,  drugs  which 
influence  iontophoretic  serotonin  inhibition,  are  15  to  200  times  more 
potent  at  Sj  than  $2  receptors  (see  Peroutka  et  al.,  1981).  These  data 
suggest  that  serotonin  inhibition  and  excitation  are  mediated  bv  R^  and 
Sp  receptors,  respectively. 

In  general,  the  relationship  between  Sj  receptors  and  both  the 
sero t onin- sens i t i ve  cyclase  and  neural  inhibition  is  less  clear  than  the 
link  between  S2  sites  and  synaptic  and  behavioral  excitation.  A  major 
problem  in  evaluating  receptor  binding  and  function  is  the  lack  of 
specific,  high  affinity  antagonists  for  the  receptor.  In  addition, 
in  some  cases  there  is  no  known  correlation  hetween  functional  responses 
and  affinity  for  binding  sites  suggesting  that  other  serotonin  receptor 
types  may  he  mediating  these  responses  or  other  factors  mav  nrevent 
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demonstration  of  correlation  (factors  such  as  tissue  distribution  and 
metabolism  of  drugs  in  the  case  of  in  vivo  studies). 

The  administration  of  serotonin  precursors  has  been  shown  to 
increase  brain  serotonin  synthesis  (Grahame-Smith,  1971;  Aghaianian  & 

Asher,  1971)  and  hypothalamic  serotonin  metabolism  (Mueller  et  al., 

1976)  suggesting  increased  serotonin  neurotransmission.  To  determine 
whether  serotonin  neurons  exert  an  influence  over  the  basal  release  of 
pituitary  B-endorphin  (B-END),  the  effects  of  serotonin  precursors  on 
plasma  levels  of  B-END-like  immunoreactivity  (fl-END-LI)  were  studied. 

A  single  injection  of  200  mg/kg  (ip)  L-tryptophan  (TRYP)  elevated  brain 
serotonin  content  and  doubled  circulating  levels  of  6-END-LI  by  30  min 
(Table  2).  The  tendency  for  a  smaller  dose  of  TRYP  (75  mg/kg  for  30  min) 
to  increase  brain  serotonin  content  was  not  significant,  although  plasma 
levels  of  B~ENP-LI  were  increased  (P<0.05)  in  these  animals.  Treatment 
with  5-HTP  (30  mg/kg,  ip,  for  30  min)  produced  a  4.9-fold  increase  in 
brain  serotonin  content  and  raised  plasma  B~ENT>— LI  levels  from  0.67  t 
0.11  to  2.30  ±  0.20  ng/ml  (Fig  5).  The  ability  of  5-HTP  to  elevate 
brain  serotonin  content  and  plasma  B -END-LI  levels  was  considerably 
greater  than  that  of  TRYP,  and  it  should  he  noted  that  this  difference 
may  be  partially  due  to  the  less  specific  action  of  5-HTP.  Unlike 
TRYP  which  is  hydroxylated  only  within  serotonin  neurons  (Aghajanian  & 
Asher,  1971),  5-HTP  can  he  decarboxylated  to  serotonin  in  catecholamine 
neurons  containing  the  aromatic  amino  acid  decarboxylate  (Ng  et  al.,  1972). 
At  high  concentrations,  5-HTP  can  cause  serotonin  to  displace  endogenous 
catecholamines  from  catecholaminergic  terminals  following  its  uptake 

these  neurons  and  subsequent  decarboxvlation  to  serotonin.  Since 


dopaminergic  neurons  can  exert  an  inhibitory  influence  over  the  secretion 
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Table  2 


Effects  of  tryptophan  (TRYP )  on  brain  serotonin  content  and 
plasma  levels  of  3-END-LI 


6S 


Table  2 


Group 

(n=8) 

Brain  serotonin 
(ng/g) 

Plasma  B-END-LI 
(ng/ml) 

Control 

456  ±  23 

0.30  ±  0.06 

TRYP  (75  mg /kg) 

536  t  30 

0.56  ±  0.07* 

TRYP  (200  mg/kg) 

541  ±  29* 

0.64  ±  0.08* 

*Value  significantly  greater  than  vehicle-injected  control  value  (P<0.05) 
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CONTROL  5-HTP 


of  B-END-LI  in  rats  (Giraud  et  al.,  1980;  Farah  et  al.,  1982),  5-HTP 
treatment  may  stimulate  B-END-LI  release  through  a  combined  action  to 
enhance  serotonin  neurotransmission  and  inhibit  dopaminergic  neurotrans— 
mission. 

In  summary,  serotonin  precursors  which  increase  brain  serotonin 
content  and  presumably  serotonergic  neurotransmission,  increase  circul¬ 
ating  levels  of  B-END-LI.  These  findings  suggest  that  serotonin  neurons 
exert  a  stimulatory  influence  over  the  secretion  of  pituitary  B-END. 

EFFECTS  OF  SEROTONERGIC  DRUGS  ON  PLASMA  LEVELS  OF  B-END-LI 

To  further  investigate  the  role  of  serotonin  neurons  in  the  regu¬ 
lation  of  pituitary  B-END  secretion,  the  effects  of  several  classes  of 
serotonergic  drugs  on  plasma  B-END-LI  levels  were  examined.  Ouipazine, 
a  drug  which  mimics  the  action  of  serotonin  at  its  post-svnaptic  receptor, 
at  a  dose  of  5  mg/kg  elevated  plasma  B-END-LI  levels  from  0.55  ±  D.D7 
to  1.17  ±  D.20  ng/ml  bv  1 5—4 5  min;  by  90  min  oost-iniection,  circulating 
levels  of  B-END-LI  had  returned  to  control  values  (Fig  6).  The  admini¬ 
stration  of  2.5  and  5.0  mg/kg  quipazine  (ip,  for  30  min)  elevated  rest¬ 
ing  levels  of  plasma  B-END-LI  in  a  dose-related  manner  (0.49  ±  0.06  vs. 
1.26  ±  0.23  vs.  1.75  ±  0.08  ng/ml).  A  higher  dose  of  quipazine  (10  mg/kg, 
ip,  for  30  min)  had  no  further  effect  (Fig  6).  Furthermore,  the  rise 
in  plasma  levels  of  B-END-LI  in  response  to  quipazine  treatment  was 
completely  blocked  by  60  min  pretreatment  with  cinanserin  (5  mg/kg,  ip), 
a  serotonin  receptor  antagonist  (Fig  7).  However,  cinanserin  treatment 
alone  (3.0-30  mg/kg,  ip,  60  min)  had  no  significant  effect  on  circulating 
levels  of  B-END-LI  (Fig  8). 

Fluoxetine  (10  mg/kg,  ip),  a  drug  which  inhibits  serotonin  reuptake 
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Figure  6.  Tine  course  and  dose  response  effects  of  quipazine,  a 
serotonin  receptor  agonist,  on  plasma  levels  of  3-END-LI.  Time 
course  (top):  Four  groups  of  rats  (n=8)  were  iniected  ip  with 
either  5  mg/kg  quipazine  or  vehicle.  Trunk  blood  was  collected 
15,  45  and  90  min  after  quipazine  injection  and  15  min  after  ve¬ 
hicle  injection.  Each  bar  and  vertical  line  represent  the  mean  ± 
standard  error.  Quipazine-treated  animals  had  significantly  higher 
(p<0.05)  levels  of  3-END-LI  15  and  45  min  but  not  90  min  post-injec¬ 
tion.  Dose  response  (bottom):  Four  groups  of  rats  (n=7-8)  were 
injected  ip  with  either  vehicle  or  2.5,  5  or  10  mg/kg  quipazine 
30  min  before  decapitation.  Compared  to  vehicle-injected  control 
values,  quipazine-treated  animals  (at  all  doses  tested)  had  signi¬ 
ficantly  elevated  (p<0.05)  levels  of  circulating  3-END-LI. 
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Figure  7.  Effects  of  cinanserin,  a  serotonin  hlocker,  on  quipazine- 
stimulated  levels  of  plasma  3-END-M.  Four  groups  of  rats  fn=S) 
were  pretreated  (ip)  for  60  min  with  either  cinanserin  (5  mg/kg)  or 
its  vehicle.  Thirty  min  nrior  to  blood  collection,  animals  were  in¬ 
jected  ip  with  either  ouipazine  (5  mg/kg)  or  its  vehicle.  Each  bar 
and  vertical  line  represent  the  mean  -  standard  error.  Compared  to 
control  values,  quipazine  treatment  significantly  elevated  (p<0.05) 
levels  of  circulating  0-END-LI,  whereas,  cinanserin  treatment  alone 
had  no  effect  on  plasma  S-ENO-LI  levels.  However,  cinanserin  pre- 
treatment  completely  blocked  the  rise  in  plasma  levels  of  3-END-LI 


in  response  to  quipazine. 
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Figure  8.  Time  course  and  dose  response  effects  of  cinanserin,  a 
serotonin  receptor  antagonist,  on  plasma  S-END-LI  levels.  Time 
course  (top):  Four  groups  of  rats  (n=8)  were  injected  ip  with  either 
10  mg/kg  cinanserin  or  vehicle.  Trunk  hlood  was  collected  30,  60 
and  120  min  after  cinanserin  treatment  and  15  min  after  vehicle  in¬ 
jection.  Each  bar  and  vertical  line  represent  the  mean  t  standard 
error.  Plasma  levels  of  B-END-Ll  in  cinanserin-treated  animals  were 
not  significantly  different  from  vehicle-injected  control  animals  at 
all  times  tested.  Dose  response  (bottom):  Four  groups  of  rats  (n=R) 
were  injected  ip  with  either  vehicle  or  3,  10,  30  mg/kg  cinanserin 
60  min  prior  to  blood  collection.  Plasma  levels  of  (5-END-LI  in  cin¬ 
anserin-treated  animals  were  not  significantly  different  from 
vehicle-injected  control  animals  at  all  doses  tested. 
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Figure  9.  Effects  of  increasing  doses  of  cyproheptadine,  a  sero¬ 
tonin  receptor  blocker,  on  fluoxetine-stimulated  levels  of  nlasma 
B-END-LI.  Four  groups  of  rats  (n=8)  were  pretreated  (60  min,  ip) 
with  either  vehicle  or  0.1,  1.0,  or  3.0  mg/kg  cyproheptadine.  The 
animals  pretreated  with  0,  0.1  or  1.0  mg/kg  cyproheptadine  were  J.n- 
iected  ip  with  10  mg/kg  fluoxetine  15  min  prior  to  blood  collection. 

A  fifth  group  of  animals  (n=8)  received  double  iniections  of  vehicle 
and  served  as  the  control  group.  Each  bar  and  vertical  line  repre¬ 
sent  the  mean  ±  standard  error.  Compared  to  the  vehicle-injected 
control  values,  fluoxetine  treatment  significantly  elevated  (p<0.05) 
circulating  levels  of  B-END-LI.  Cyproheptadine  at  a  dose  of  0.1  and 
1.0  mg/kg  significantly  attenuated  (p<0.05)  the  plasma  S-END-LI  res¬ 
ponse  to  fluoxetine  treatment.  However,  a  higher  dose  of  cyprohep¬ 
tadine  (3.0  mg/kg)  had  no  effect  on  resting  levels  of  plasma  g-END-LI 


as  compared  to  control  levels  of  B-END-LI. 
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and  therefore  prolongs  serotonin's  activity  within  the  svnapse,  elevated 
basal  levels  of  plasma  g-END-LI  from  a  control  value  of  0.32  ±  0.04  to 
l.bl  ±  0.12  ng/ml  bv  15  min  nost-injection  (Fig  9).  Pretreatment  (60  min) 
with  a  serotonin  receptor  blocker,  cyproheptadine  (0.1  or  1.0  mg/kg,  ip) 
significantly  attenuated  the  nlasma  8-END— LI  response  to  fluoxetine  treat¬ 
ment  (Fig  9).  Cyproheptadine  pretreatment  (3  mg/kg,  ip,  60  min)  alone 
did  not  alter  resting  levels  of  plasma  6— END— LI  as  compared  to  vehicle- 
injected  control  values  (Fig  9). 

Since  peripherally  administered  serotonin  is  rapidly  degraded  be¬ 
fore  significant  amounts  enter  the  central  nervous  system  (CNS),  seroto¬ 
nin  was  administered  centrally.  Intraventricular  administration  (icv) 
of  50  ng,  100  ng  and  5  ug  serotonin  in  pentabarbital-anesthetized  rats 
tended  to  increase  plasma  levels  of  8-END-LI  in  a  dose-related  fashion. 
However,  because  of  the  large  standard  error  within  groups,  onlv  the 
highest  dose  (5  pg)  was  shown  to  significantly  increase  plasma  levels 
of  (3-END-LT  over  control  values  by  15  min  (90.0  t  10  vs.  300.0  t  75  pg/ml; 
Fig  10). 

Inhibition  of  the  enzyme  that  degrades  serotonin  (monoamine  oxi¬ 
dase,  MAO)  has  been  shown  to  increase  neuronal  stares  of  serotonin 
(Tozer  et  al.,  I960)  which  apparently  results  in  increased  concentrations 
of  serotonin  in  the  synaptic  cleft  due  to  the  release  of  larger  quantities 
of  serotonin  per  nerve  impulse.  Thus  the  administration  of  pargvlene, 
an  MAO  inhibitor,  is  another  pharmacologic  approach  for  enhancing  seroto¬ 
nergic  neurot ransmiss ion .  However,  it  should  he  noted  that  pargylene 
does  not  selectively  affect  serotonin  degradation  since  other  biogenic 
amines  are  known  to  be  degraded  by  MAO  as  well.  Pargvlene  administration 
(75  mg/kg,  ip)  elevated  plasma  3-END-LI  levels  from  0.51  ±  0.05  ug/ml  to 
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Figure  10.  Hose  response  effects  of  intraventricular  injections 
of  serotonin  on  plasma  levels  of  B-FND-LI.  Four  groups  (n=6-7)  of 
oentabarbital-anesthet ized  rats  (50  mg/kg,  ip,  20  min)  were  iniected 
intraventricular lv  with  either  vehicle  or  50  ng,  100  ng  or  5  yg 
serotonin.  Fifteen  minutes  after  iniection,  animals  were  decapi¬ 
tated  and  trunk,  hlood  collected.  Fach  bar  and  vertical  line  repre¬ 
sents  the  mean  -  standard  error.  Compared  to  vehicle-iniected  con¬ 
trol  values,  only  the  5  yg  dose  of  serotonin  significantly  elevated 
(p<0.05)  plasma  levels  of  B-END-Ll. 
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Figure  II.  Tine  course  and  dose  response  effects  of  pargylene,  a 


monoamine  oxidase  inhibitor,  on  plasma  levels  of  6-END-Lt.  Time 
course  (top):  Four  groups  of  rats  (n=8)  were  injected  ip  with 
either  vehicle  (solid  bar)  or  75  mg/kg  pargylene  (hatched  bars). 
Rlood  was  collected  20,  40  and  60  min  after  pargylene  injection 
and  15  min  after  vehicle  injection.  Each  har  and  vertical  line  re 
present  the  mean  -  standard  error.  Compared  to  vehicle-injected 
control  animals,  pargvlene-treated  animals  had  significantly  hi?he 
(p<0.05)  levels  of  8-RN0-I.I  at  20  and  40  hut  not  60  min  pnst-injec 
tion.  Oose  response  (bottom):  Four  groups  of  rats  (n=Rl  were  in¬ 
jected  ip  with  either  vehicle  (solid  har)  or  25,  75,  or  225  mg/kg 
pargylene  (hatched  bars)  45  min  prior  to  blood  collection.  Com¬ 
pared  to  vehicle-injected  control  values,  75  and  225  mg/kg  pargyl¬ 
ene  significantly  elevated  (p<0.05)  plasma  levels  of  0-ENn-LT. 
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1.11  t  0.22  ng/ml  by  20  min;  by  60  min  post-in iection ,  circulating 
levels  of  B-F.ND-LI  had  returned  to  control  values  (Fig  11).  The 
administration  of  25,  75  and  225  mg/kg  pargvlene  elevated  basal  levels 
of  plasma  B-ENO-LI  in  a  dose-related  manner  (0.34  ±  0.01  vs.  0.47  ±  0.09 
vs.  0.79  ±  0.08  vs.  1.48  ±  0.04  ng/ml)  bv  45  min  post-injection  (Fig  11). 

In  summary,  the  administration  of  serotonergic  drugs  which  prolong 
or  mimic  the  action  of  serotonin  at  its  post-synaptic  receptor,  or  inhi¬ 
bit  serotonin  degradation,  all  resulted  in  increased  levels  of  plasma  3-END- 
LI.  Importantly,  the  rise  in  plasma  levels  of  3-END-LI  released  in  res¬ 
ponse  to  serotonergic  stimulation  was  significantly  attenuated  by  seroto¬ 
nin  receptor  antagonists.  Thus,  the  results  from  these  studies  further 
substantiate  a  stimulatory  role  of  serotonin  neurons  in  the  control  of 
pituitary  B-F.NT)  release. 

INVESTIGATION  OF  THE  NEURAL  BASIS  FOR  STIMULATED  PITUITARY  3 -END-LI  RELEASE 

To  determine  whether  serotonin  neurons  are  involved  in  the  stimu¬ 
lated  release  of  pituitary  0-ENO,  the  effects  of  serotonergic  drugs  on 
plasma  levels  of  B-ENO-LI  released  in  response  to  various  stimuli  were 
studied.  Immobilization  and  etherization  provide  reproducible  stimuli 
for  the  release  of  pituitary  C-END-LI.  Furthermore,  these  stimuli  appear 
to  produce  varying  degrees  of  stress  as  evidenced  hy  the  observed  differ¬ 
ences  in  the  magnitude  of  B-END-LI  released.  Physical  immobilization 
evokes  a  near  maximal  increase  in  circulating  8-END-LI,  whereas,  etheri¬ 
zation  produces  a  more  moderate  response  (Mueller,  1981).  Since  physical 
immobilization  results  in  the  greatest  release  of  8-END-LI,  it  provides 
a  good  model  for  examining  the  effects  of  serotonergic  manipulations 
thought  to  inhibit  nituitarv  B-END-LI  release.  Conversely,  etherization 
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provides  a  submaximal  release  of  pituitary  B-END-LI  which  may  he 
potentiated  following  the  administration  of  serotonergic  drugs  known 
to  stimulate  pituitary  B-END-LI  release. 

Immobilization  stress  evoked  a  12-fold  rise  in  plasma  8-END-LI 
levels  as  compared  to  non-stressed  control  values  (0.28  ±  0.02  vs.  3.28  ± 

0.20  ng/ml;  Fig  12,  bottom).  Five  and  ten  days  pretreatment  with  75  ug 
(free  base,  icv)  5, 7— dihydroxytryptamine  (5,7-DHT),  a  serotonin  neuro¬ 
toxin,  decreased  hypothalamic  sertonin  content  (Fig  12,  top)  and  signi¬ 
ficantly  attenuated  the  rise  in  plasma  levels  of  B-END-LI  released  in 
response  to  immobilization  stress  (Fig  12,  bottom).  Stress-induced 
B-END-LI  levels  in  animals  treated  with  5,7-DHT  were  62%  and  55%  of  con¬ 
trol  stress  values  5  and  10  days  post-injection,  respectively.  However, 
hasal  levels  of  circulating  3-END-LI  were  not  significantly  lowered 
by  this  dose  of  5,7-DHT  after  5  or  10  days  treatment.  In  another  experi¬ 
ment  using  a  higher  dose  of  5,7-DHT  (200  yg,  free  base,  icv,  for  10  days), 
significant  decreases  in  levels  of  both  hypothalamic  serotonin  (1100  ±  41 
vs.  434  ±  38  ng/g)  and  olasma  B-F.ND-LI  (0.65  ±  0.14  vs.  0.36  ±  0.08  ng/ml) 
were  observed  (Fig  13).  It  should  be  noted  that  in  this  latter  experi¬ 
ment,  animals  treated  with  5,7-DHT  experienced  significant  weight  loss  com¬ 
pared  to  control  animals  (average  weight  of  treated  animals,  236  £  15  g  vs. 
a  control  weight  of  298  ±  9  g)  and  this  effect  may  have  contributed  to  the 
observed  decrease  in  basal  levels  of  B-END-LI. 

Ether  stress  increased  basal  levels  of  plasma  3-END-LI  from  a  con¬ 
trol  value  of  0.38  ±  0.02  to  1.08  ±  0.18  ng/ml  (Fig  14).  \nimals  pretreat¬ 
ed  with  fluoxetine  (10  mg/kg,  ip,  15  min)  and  then  exposed  to  ether  (90 
sec)  had  significantly  higher  levels  of  plasma  p-EMD-LI  than  rats  exposed 
to  ether  alone  (1.08  ±  0.18  vs.  1.69  i  0.09  ng/ml)  but  not  rats  exposed 
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Figure  12.  Effects  of  5 , 7-dihydroxytryptamine  (5,7-DHT),  a  sero¬ 
tonin  neurotoxin,  on  hypothalamic  serotonin  (5-HT)  concent  and  plasma 
B-END-LI  levels  in  normal  and  stressed  rats.  Six  groups  of  rats  (n=7-8) 
pretreated  with  desiprcmine  (30  mg/kg,  ip,  30  min)  to  protect  catechol¬ 
amine  neurons  from  the  neurotoxin,  were  injected  intraventricularly  with 
either  75  pg  5,7-DHT  (free  base)  or  vehicle  on  day  0  or  5.  Animals 
injected  with  vehicle  on  day  5  served  as  controls.  On  day  10,  half  of 
the  animals  in  each  group  were  stressed  by  restraint  for  30  min  before 
decapitation.  Each  bar  and  vertical  line  represent  the  mean  ±  standard 
error.  Compared  to  control  values,  5,7-DHT  treatment  significantly 
reduced  (p<0.05)  hypothalamic  serotonin  content  by  75%  and  77%  5  and  10 
days  post-injection,  respectively  (top).  (Hypothalamic  sertonin  content 
was  not  significantly  different  between  stressed  and  non-stressed  animal 
in  each  of  the  three  groups.)  In  these  same  animals,  5,7-DHT  treatment 
significantly  attenuated  (p<0.05)  the  stress-induced  increase  in  plasma 
levels  of  8-END-LI  as  compared  to  vehicle-injected  controls  (bottom). 
Basal  levels  of  3-END-LI  were  not  significantly  lowered  by  5  or  10 
days  treatment  with  5,7-DHT. 
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Figure  14.  Effects  of  fluoxetine,  a  serotonin  reuptake  blocker, 
on  basal  and  stimulated  levels  of  plasma  g-END-LI.  Two  groups  of 
rats  (n=l6)  were  injected  ip  with  either  10  mg/kg  fluoxetine  or 
vehicle,  and  then  half  of  the  animals  in  each  group  were  immedia¬ 
tely  stressed  by  90  sec  exposure  to  ether.  Blood  was  collected  15 
min  after  fluoxetine  injection.  Each  bar  and  vertical  line  repre¬ 
sent  the  mean  ±  standard  error.  Compared  to  vehicle-injected  con¬ 
trol  values,  ether  stress  or  fluoxetine  treatment  alone  significant¬ 
ly  increased  (p<0.05)  plasma  levels  of  6-END-LI.  Combined  ether- 
fluoxetine  treatment  significantly  elevated  (p<0.05)  plasma  levels 
of  (i-END-LI  compared  to  ether  stress  alone  but  not  fluoxetine 
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to  fluoxetine  alone  (1.21  ±  0.32  vs.  1.69  ±  O.OQ  mg/ml;  Fig  14). 

In  summary,  pharmacologic  destruction  of  serotonin  neurons  atten¬ 
uated  the  plasma  8-END-LI  response  to  immobilization  stress.  Conversely, 
indirect  stimulation  of  serotonin  receptors  with  fluoxetine,  a  drug 
which  hlocks  serotonin  re-uptake,  elevated  plasma  8-END-LI  levels  in 
etherized  rats  above  those  of  rats  exposed  to  ether  alone.  Together 
these  results  suggest  that  a  serotonergic  mechanism  is  involved  in  the 
stress-induced  release  of  pituitary  B-END. 

DETERMINATION  OF  THE  PITUITARY  SOURCE  (AL  vs.  IL)  OF  BLOOD-BORNE  8-END-LI 

To  determine  the  pituitary  source  [anterior  lobe  (AL)  vs.  inter¬ 
mediate  lobe  ( IL) )  of  blood-borne  &-END-LI ,  the  gel  chromatographic 
profiles  of  immunoreactive  8-END  released  hy  AT.  and  IL  cells  in  vitro 
were  compared  to  those  of  8-END-LI  present  in  the  nlasma  of  rats  treated 
with  serotonergic  drugs.  Cel  filtration  profiles  of  8-F.ND-LT  released 
from  cultured  AL  and  NIL  cells  show  that  AL  cells  secrete  two  maior 
forms  of  8-END-Ll  corresponding  to  8-lipotrooin  (8-LPH)  and  B-END  stan¬ 
dards  and  contributing  33%  and  59%,  respectively,  to  total  8-END-LI 
secreted  (Fig  15).  In  addition,  a  small  peak  eluting  at  the  void 
volume  was  observed  and  mav  represent  the  release  of  the  larger  mole¬ 
cular  weight  precursor.  NIL  cells,  however,  released  predominantly 
one  form  of  S-END-LI  resembling  8-END  standard  in  molecular  size. 

These  findings,  which  demonstrate  that  8-LPH  secretion  in  vitro  clearly 
distinguishes  AL  from  NIL  secretion,  suggest  that  changes  in  plasma 
levels  of  8-LPH-sized  immimoreactivity  reflect  AL  secretion  of  8-END-LI 

in  vivo . 

Comparison  of  gel  filtration  elution  profiles  from  control  and 
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drugtreated  animals  revealed  that  TRYP,  5-HTP  and  fluoxetine,  drugs 
which  enhance,  serotonergic  neurotransmission,  primarily  increased  the 
form  of  plasma  3-END-LI  corresponding  to  8-LPH  in  molecular  size  (Fig. 
16).  In  control  animals,  20%  of  the  circulating  B-END-LI  coeluted  with 
B-LPH  standard  while  the  remaining  80%  coeluted  with  8-END  standard. 
Following  TRYP  administration,  virtually  all  (over  90%)  of  the  rise  in 
total  B-END-LI  was  due  to  the  form  resembling  8-LPH.  Similar  observa¬ 
tions  were  made  with  5-HTP  and  fluoxetine.  Quipazine  (5.0  mg/k.g),  a 
serotonin  receptor  agonist,  elevated  plasma  levels  of  both  forms  of 
B-END-LI;  however,  as  seen  with  TRYP,  5-HTP  and  fluoxetine  treatments, 
the  peak  coeluting  with  8-LPH  was  primarily  affected,  being  increased 
9.5-fold  while  that  resembling  8-END  was  increased  less  than  1-fold 
(Fig  17).  Similar  increases  in  both  8-LPH  and  6-END  peaks  (600%  vs.  38%, 
respectively)  were  observed  following  quipazine  treatment  at  the  lower 
dose  (2.5  mg/kg). 

Blockade  of  serotonin  receptors  with  cinanserin  prevented  the 
release  of  both  0-LPH-  and  8-END-sized  immunoreactivitv  in  quipazine- 
treated  animals  without  significantly  decreasing  total  levels  of  (5-F.ND-LI 
or  altering  the  ratio  of  the  molecular  forms  under  basal  conditions 
(Fig  18). 

Depletion  of  hypothalamic  serotonin  content  hv  77%  with  5,7-DHT 
reduced  by  45%  the  stress-induced  release  of  B-END-LI  (Fig  16).  Cel  fil¬ 
tration  chromatography  revealed  that  5,7-DHT  treatment  lowered  both  8-LPH 
and  0-ENDsized  immunoreactivitv  about  equally  in  stressed  animals  without 
significantly  affecting  the  low  plasma  levels  of  6-END-LI  observed  in  non 
stressed  animals  (Fig  19). 

Immobilization  stress  dramatically  elevated  circulating  levels 
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of  fl-ENO-1,1  observed  in  non-stressed  animals 
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of  8-LPHand  8-END-sized  immunoreacti vity ,  however,  there  was  a  greater 
relative  increase  in  immunoreactivity  resembling  8-LPH  than  8-END  (4.5- 
fold  vs.  2.5-fold;  Fig  19).  Similar  to  immobilization  stress,  ether 
stress  elevated  both  molecular  forms  of  8-FMD-LI  with  a  greater  relative 
rise  in  8-LPH-sized  than  8-END-sized  immunoreactivity  (4.9-fold  vs.  1.2- 
fold;  Fig  20).  These  findings  are  consistent  with  the  hypothesis  that 
stress  stimulates  anterior  lobe  corticotroph  secretions  CGuillemin  et 
al.,  1977;  Przevlocki  et  al.,  1982).  In  addition,  it  was  observed  that 
under  conditions  of  stress  a  significant  portion  of  total  plasma  3-END-LI 
resembled  8-END  in  molecular  size  suggesting  at  at  least  partial  release 
of  8-END-LI  from  the  intermediate  lobe.  In  support  of  this  view,  it  has 
been  reported  that  ct-MSH,  a  secretory  product  released  along  with  8-END 
peptides  from  intermediate  lobe  melanotrophs  (Mains  and  Eipper,  1976), 
is  elevated  in  plasma  of  stressed  rats  (Mialhe  and  Briaud,  1977;  Tilders 
et  al.,  1982). 

To  further  substantiate  serotonergic  influence  on  AL  8-END-LI 
release  the  effects  of  dexamethasone ,  a  synthetic  glucocorticoid  which 
selectively  inhibits  AL  corticotroph  secretion  in  vitro  (Vale  et  al., 
1978,  197°),  on  plasma  levels  and  gel  chromatographic  profiles  of  3-END- 
LI  were  studied.  Dexamethasone  treatment  (50  ug/kg,  in,  4  hr)  orefei — 
entiallv  lowered  circulating  levels  of  8-LPH-sized  immunoreactivi tv  to 
below  the  limit  of  assay  detection  (Fig  21).  Furthermore,  dexamethasone 
pretreatment  suppressed  by  507!  (1.65  ±  0.22  vs.  0.78  ±  0.11  ng/ml)  the 
release  of  8-END-LI  in  response  to  fluoxetine  treatment.  And  virtually 
all  of  this  reduction  was  due  to  lowered  levels  of  immunoreactivity  re¬ 
sembling  8-LPH  in  molecular  size  further  suggesting  that  the  majority 
of  pituitary  8-END-LI  released  in  response  to  fluoxetine  treatment  ori- 
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Figure  20 


Figure  21.  Effects  of  dexamethasone ,  a  synthetic  glucocorticoid 
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ginates  from  AL  corticotrophs . 

In  summary,  gel  filtration  chromatography  has  revealed  that  sero¬ 
tonergic  precursors  and  serotonergic  drugs  which  stimulate  pituitary 
B-END-LI  release  predominantly  influence  the  release  of  S-END-LI  resem¬ 
bling  6-LPH  in  molecular  size.  Furthermore,  pretreatment  with  dexameth- 
asone,  a  synthetic  glucocorticoid,  blocked  the  serotonergic-induced 
release  of  B-END-LI.  These  findings  suggest  that  serotonin  neurons  pre¬ 
ferentially  stimulate  the  release  of  B-ENO-LI  from  the  AL  in  vivo  since 
only  the  AL  secretes  appreciable  amounts  of  B-LPH-sized  immunoreacti vitv 
and  only  the  AL  is  inhibited  bv  glucocorticoids. 

In  addition,  immobilization  and  ether  stress  evoked  the  release 
of  both  molecular  forms  of  B-END-LI  with  a  greater  relative  increase  in 
B-LPH-sized  than  B-ENIl-sized  immunoreact ivi ty .  These  findings  suggest 
that  stress  induces  the  release  of  B-END-LI  from  both  the  AL  and  IL 
in  vivo . 

THE  EFFECTS  OF  SEROTONIN  AND  C0RTIC0TR0PH  RELEASING  FACTOR  ( CRF )  ON  THE 
IN  VITRO  RELEASE  OF  B-END-LI  FROM  ANTERIOR  AND  INTERMEDIATE  LOBE  CELLS 

To  determine  whether  serotonergic  influence  over  oituitarv 
B-END-LI  secretion  is  exerted  directly  bv  serotonin  or  mediated  through 
CRF,  a  B-END  releasing  factor  known  to  be  influenced  by  serotonin,  the 
effects  of  serotonin  and  CRF  on  the  release  of  B— END— LI  from  cultured 
AL  and  IL  cells  were  investigated. 

AL  release:  The  effects  of  serotonin  HC1  and  CRF  on  the  spontaneous 
release  of  B-END— LI  from  primary  cultures  of  AL  and  NIL  cells  are 


shown  in  Fig  22  (top).  Incubation  for  ID  min  with  serotonin  at  concen¬ 
trations  of  10"9M,  10 -«M  and  10~7M  did  not  affect  the  basal  release 
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Figure  22.  The  effects  of  corticotropin-releasing  factor  (CRF)  and 
serotonin  HC1  on  the  spontaneous  release  of  (J-END-LI  from  primary 
cultures  of  anterior  (AL)  and  neurointermediate  lobe  (NIL;  pars  inter 
media  plus  pars  nervosa)  cells.  Cultured  cells  were  established  by 
the  method  of  Vale  et  al.  (1978)  and  incubated  with  either  CRF  or 
serotonin  at  the  indicated  concentrations  for  90  min.  The  horizontal 
hatched  areas  represent  control  values  of  release  (AL:  1.12  ±  0.08 

ng/plate;  NIL:  1.79  ±  0.48  ng/plate).  Each  bar  and  vertical  line 
represent  the  group  mean  ±  stanard  error  (n=6-8).  CRF,  at  all  doses 
tested,  significantly  increased  (p<0.05)  the  release  of  3-END-LI 
from  AL  but  not  NIL  cells.  Serotonin,  only  at  the  highest  dose 
(10-^M),  increased  (p<0.05)  the  spontaneous  release  of  6-END-LI  from 
AL  cells.  Serotonin  did  not  alter  the  release  of  3“END-LI  from  NIL 


cells  at  both  doses  tested. 
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of  8-END-LI  from  anterior  lobe  cells.  A  higher  concentration  of  sero¬ 
tonin  (1CT6M)  increased  8-END-LI  secretion  by  53%  (1.12  ±  0.08  vs.  1.74 
-  0.12  ng/plate).  The  effects  of  this  higher  dose  of  serotonin  on 
8-END-LI  release  may  be  artlfactual  since  the  drug  preparation  contains 
an  equimolar  concentration  of  HC1  which  may  exert  an  effect  of  its  own 
on  AL  corticotrophs  at  this  high  concentration  (10~6M).  To  control  for 
this,  the  effects  of  108M  HC1  on  the  release  of  0-END-LI  from  cultured 
cultured  AL  cells  should  have  been  examined. 

CRF,  a  known  0-END  releasing  factor,  stimulated  the  release  of 
8-END-LI  from  AL  cells  in  a  dose-related  manner  (Fig  22,  top).  CRF  at 
a  concentration  of  10-<^M  and  10"8M  increased  8-END-LI  release  7.7-fold 
and  9.2-fold,  respectively,  over  basal  release  (1.12  +  0.08  ng/plate). 

Lower  concentrations  of  CRF  (10-HM  and  10“1^M)  tended  to  increase 
0-END-LI  release,  however,  these  increases  were  not  statistically  signi¬ 
ficant  from  basal  release  levels. 

NIL  release;  As  shown  in  Fig  22  (bottom),  serotonin  at  concentrations  of 
10_8M  and  10“8M  did  not  alter  the  Ln  vitro  release  of  0-END-LI  from  the  NIL. 
Likewise,  CRF  (10“10M  or  10_8M)  did  not  significantly  alter  the  release  of 
8-END-LI  from  cultured  NIL  cells  following  90  minutes  of  incubation). 

In  summary,  CRF  evoked  a  dose-related  increase  in  the  release  of 
0-END-LI  from  cultured  AL  but  not  NIL  cells.  Serotonin  did  not  signifi¬ 
cantly  alter  the  in  vitro  release  of  0-END-LI  from  either  AL  or  NIL  cells, 
except  at  the  highest  dose  (10-6M),  serotonin  increased  the  spontaneous 
release  of  0-END-LI  from  AL  but  not  NIL  cells.  These  findings  suggest 
that  serotonergic  regulation  of  pituitary  0-END-LI  release  is  most 
likely  mediated  through  a  6-END  releasing  factor  rather  than  a  direct 
effect  of  the  neurotransmitter  on  the  pituitary. 


1  14 


THE  EFFECTS  OF  ELECTRICAL  STIMULATION  OF  BRAINSTEM  SEROTONERGIC  NUCLEI 

ON  PITUITARY  g-END-LI  RELEASE 

Serotonergic  cell  bodies  of  the  Dorsal  Raphe  Nucleus  (DRN)  and 
Median  Raphe  Nucleus  (MRN)  project  to  hypothalamic  areas  known  to  be 
involved  in  the  neuroendocrine  regulation  of  pituitary  hormone  release. 

If  serotonin  neurons  regulate  pituitary  8-END  secretion  then  electrical 
activation  of  the  raphe  serotonergic  nuclei  in  vivo  should  result  in  an 
increase  in  plasma  levels  of  END— LI.  To  further  studv  the  role  of 

serotonergic  neurons  in  the  regulation  of  pituitary  fl-END-LI  release, 
the  effects  of  DRN  and  MRN  electrical  stimulation  on  plasma  levels  of 
B-END-LI  were  studied.  Data  presented  here  was  obtained  from  animals 
in  which  electrode  placement  in  the  DRN  and  MRN  was  verified  hv  electrode 
marking  and  subsequent  histology  (not  shown). 

Initial  studies  were  carried  out  to  determine  the  optimal  stimu¬ 
lus  parameters  and  time  course  for  blood  collection.  In  addition,  it 
was  determined  that  withdrav/al  of  0.5  ml  samples  of  blood  with  immediate 
re-infusion  of  0.5  ml  of  0.9%  NaCl  had  virtually  no  effect  on  circulating 
levels  of  S-END-LI  (not  shown).  Plasma  levels  of  8-END-LI  did  not  devi¬ 
ate  more  than  3%  from  control  values  during  the  five  samplings  obtained 
over  a  25  min  time  course.  Moreover,  sampling  at  five  minute  intervals 
appeared  to  have  no  effect  on  plasma  levels  of  0  — END-LI .  In  all  subse¬ 
quent  experiments,  0.5  ml  blood  samples  were  withdrawn  with  0.5  ml  saline 
reinfused  immediately  following  blood  withdrawal  to  assure  that  the 
observed  effects  are  due  to  the  treatment  alone  and  not  due  to  a  loss 
of  blood  volume. 

Stimulus  Current  Dose-Response:  Tahle  3 

Compared  to  pre-stimulation  control  values  (0  nA  stimulus  strength). 
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Table  3 


Electrical  stimulation  of  the  Dorsal  Raphe  Nuclei: 

Effects  of  increasing  stimulus  current  intensity  on  plasma 


levels  of  S-END-LI 
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Table  3 


Current  (mA) 


Plasma  6-F.ND-U 
(ne/ml 1 


Control 

1.53 

0.48 

0.05 

1.54 

± 

0.46 

0.20 

1.65 

± 

0.51 

0.50 

1.96 

f 

0.54 

Constant  current,  biphasic  pulse  (0.2  ms  duration),  10  pulses  per  sec, 
2  min  stimulation,  n=2 
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two  minute  DRN  stimulation  with  increasing  stimulus  strength  (0.05  mA  - 
0.5  mA)  had  no  significant  effect  on  plasma  levels  of  3-END-LI  at  a 
stimulus  pulse  duration  of  0.2  ms.  Applying  a  stimulus  intensity  greater 
than  0.5  mA  or  a  stimulus  pulse  duration  of  greater  than  1.0  ms  caused 
visible  whisker  and  eye  lid  twitching  suggesting  activation  of  CNS  motor 
neurons. 

Stimulus  Time  Course:  Table  4 

Compared  to  pre-stimulation  control  values,  2,  5  and  10  minutes  of 
electrical  stimulation  of  the  DRN  (0.3  mA;  1  ms)  tended  to  increase  cir¬ 
culating  levels  of  0-END-LI.  By  15  minutes  after  stimulation  was  termin¬ 
ated,  plasma  levels  of  B-F.ND-Lt  remained  elevated  as  compared  to  pre-stim¬ 
ulation  values  and  tended  to  be  higher  than  those  observed  at  10  minutes 
of  stimulation.  However,  due  to  the  large  standard  error  associated 
with  each  mean,  these  changes  in  olasma  levels  of  0-ENn— T.I  were  not  stat- 
isticallv  different  from  control  values  or  from  each  other  (One-wav  anal¬ 
ysis  of  variance,  p>0.05). 

Electrical  Stimulation  of  the  DRN  vs.  MRN:  Fig.  23 

Compared  to  non-stimulated  control  values,  as  well  as  pre-stimu¬ 
lation  plasma  3-END-LI  values,  15  minutes  of  electrical  stimulation 
(0.3  mA;  0.3  ms)  of  the  DRN  or  MRN  had  no  significant  effect  on  plasma 
levels  of  3-END-I.I.  In  DRN-stimulated  animals,  plasma  levels  of 
3-END-LI  changed  very  little  from  pre-stimulation  levels  of  3.25  -  0.24 
ng/ml  to  2. HO  t  0.29  ng/ml  3-END-LI  at  15  minutes  of  stimulation. 
Likewise,  in  MRN-stimulated  animals,  plasma  levels  of  B-END-LT  at  15 
minutes  of  stimulation  (2.99  t  0.39  ng/ml)  were  unchanged  from  pre-stimu¬ 
lation  levels  (3.12  ±  0.3f>  ng/ml).  In  addition,  in  both  DPN-  and  MRN- 


stimulated  animals,  plasma  levels  of  3-END-LI  were  within  the  range 
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Table  4 


Electrical  stimulation  of  the  Dorsal  Raphe  Nuclei: 

Effects  of  electrical  stimulation  on  levels  of  olasma  3-END-LI 


over  time 


Table  4 


Time  Plasma  3 —END— LI 

(min)  (nc/ml) 


n 

2 

5 

10 

25 


1.76  t  0.30 
2.31  ±  0.39 
2.48  ±  0.44 
2.61  t  0.42 
3.05  i  0.49 


Constant  current  (0.3  mA),  biphasic  pulse  (1  ms.  duration),  10  pulses  per 
second,  n=l 
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of  B-END-LI  levels  observed  in  non-stimulated  control  animals  over  the 
same  time  period. 

In  summary,  the  results  from  the  neurophysiologic  studies  suggest 
that  raphe  serotonin  neurons  exert  little,  if  anv,  influence  over  the 
secretion  of  pituitary  0-END-LI  in  anesthetized  rats.  rats.  Electrical 
stimulation  of  the  DRN  did  not  significantly  alter  circulating  levels 
of  0-END-LI  over  a  10-fold  increase  in  current  strength  or  during  a  15 
minute  period  of  stimulation.  Likewise,  15  minutes  of  stimulation  of 
the  MRN  at  a  maximal  current  strength  and  duration  which  did  not  produce 
visible  motor  responses  (i.e.  whisker  or  eyelid  twitching)  had  no 
effect  on  plasma  levels  of  0-END-LI .  It  is  important  to  note  here  that 
pre-stimulation  and  control  plasma  levels  of  0-END-LI  were  extremelv 
high  (3.5  ±  0.2  ng/ml;  Fig.  23)  as  compared  to  plasma  0-END-LI  levels 
obtained  hy  rapid  decapitation  from  unanesthetized,  untreated  rats 
(0.30  ±  0.06  ng/ml;  Tahle  2).  It  may  be  thus  concluded  that  anesthesia 
and  surgical  stress,  which  evoked  a  large  rise  in  plasma  B-END-LI  levels, 
prevented  or  masked  the  subsequent  effects  of  electrical  stimulation. 

A  better  model  for  studying  the  effects  of  raphe  electrical  stimulation 
on  pituitary  6-END  release  should  include  nnanesthetized ,  unrestrained 
rats  with  implanted  electrodes  for  electrical  stimulation  and  indwelling 
catheters  for  blood  collection. 


discussion 


Overall,  the  results  presented  here  indicate  that  brain  sero¬ 
tonin  neurons  exert  a  stimulatory  influence  over  the  hasal  secretion  of 
pituitarv  B-F.ND-LI  and  are  involved,  at  least  in  part,  in  the  stress- 
induced  release  of  this  hormone  in  rats.  Moreover,  serotonin  neurons 
appear  to  preferentially  stimulate  6-END-LI  release  from  the  anterior 
lobe  of  the  pituitary  i_n  vivo .  Evidence  from  the  in_  vitro  studies  surest 
that  serotonergic  regulation  of  anterior  lobe  B-END-LI  release  is  most 
likely  mediated  through  a  hypothalamic  6-endorphin  releasing  factor, 
probably  CRF. 

THE  EFFECTS  OF  SEROTONIN  PRECURSORS  ON  PLASMA  LEVELS  DF  B-END-LI 

The  rate  at  which  serotonin  is  synthesized  in  brain  is  depend¬ 
ent  on  the  availability  of  its  primary  substrate,  L-trvotnphan ,  and  the 
enzvmes  and  co— factors  responsible  for  the  subsenuent  conversion  of  tryp¬ 
tophan  to  serotonin.  Since  tryptophan  hvdroxvlase,  the  rate-limiting 
enzyme  which  hvdroxylates  tryptophan  to  5-hydroxytryptophan  (5-HTP),  is 
unsaturated  by  its  substrate  (the  kra  for  trvptoohan  exceeds  normal  trvp- 
tophan  concentrations  in  brain),  changes  in  plasma  and  brain  levels  of 
tryptophan  can  be  expected  to  influence  serotonin  synthesis.  In  support 
of  this,  it  has  been  shown  that  tryptophan  and  serotonin  increase  brain 
serotonin  synthesis  (Grahame-Smith,  1971;  Fernstrom  and  Wurtman,  1971)  and 
hypothalamic  serotonin  metabolism  (Mueller  et  al.,  1976)  suggesting  the 
enhancement  of  serotonin  neurotransmission. 

The  results  presented  here  demonstrate  that  doses  of  trvptoohan 


and  serotonin  which  significantly  elevated  hrai n  serotonin  content  also 


elevated  circulating  levels  of  B-ENJ)-I.I  (Table  2;  Fi g.  5).  Assuming 
that  increased  serotonin  synthesis  and  content  lead  to  enhanced  serotonin 
release,  the  results  suggest  that  serotonin  neurons  exert  a  stimulatory 
influence  over  pituitary  8-endorphin  release.  It  was  also  observed 
that  5-HTP  elevated  brain  serotonin  content  and  plasma  3-END-LI  levels 
to  a  greater  extent  than  tryptophan.  An  explanation  for  this  observation 
is  that  5-HTP  is  a  more  immediate  precursor  than  tryptophan  with  a  faster 
conversion  rate  to  serotonin.  The  difference  may  also  be  partially  due  to 
the  less  specific  action  of  5-HTP  as  compared  to  tryptophan.  Unlike  tryp¬ 
tophan  which  is  hydroxylated  within  only  serotonin  neurons  (Aghajanian  and 
Asher,  1971),  5— HTP  can  cause  serotonin  to  accumulate  in  non-serotonergic 
nerve  terminals,  such  as  dopaminergic  neurons  (Butcher  et  al.,  1972), 
which  contain  the  decarboxylase  enzvme  necessary  to  convert  5-HTP  to  sero¬ 
tonin.  Since  dooaminergic  neurons  can  exert  an  inhibitory  influence  over 
the  secretion  of  S-END-LI  in  rats  (Farah  et  al.,  19B2;  fiiraud  et  al., 
1980),  5-HTP  treatment  may  stimulate  3-ENDLI  release  through  a  combinated 
action  to  enhance  serotonergic  neurotransmission  and  Inhibit  dopaminergic 
neurot ransmissipn.  In  addition,  it  is  possihle  that  the  high  levels  of 
tryptophan  in  plasma  following  trvptophan  administration  (200  mg/kg)  may 
competitively  reduce  the  ability  of  other  neutral  amino  acids  (i.e.  tyro¬ 
sine,  a  precursor  for  catecholamine  biosynthesis)  to  gain  access  into  the 
CNS.  Blood-brain  barrier  transport  of  tryptophan  and  other  neutral  amino 
acids  is  known  to  he  influenced  by  substrate  competition  (Pardridge,  1979), 
thus  the  net  effect  of  enhanced  serotonin  neurotransmission  may  be  offset 
by  the  simultaneous  disruption  of  neurotransmission  by  other  biogenic 
amine  pathways. 

One  further  point  with  regard  to  the  difference  between  trvoto- 


phan  and  5-HTP's  ahility  to  raise  plasma  levels  of  8-END-LI.  Both 
systemic  and  local  applications  of  tryptophan  and  5-HTP  have  been  shown  to 
depress  raphe  serotonergic  firing  (Oallager  and  Aghaianian,  1176),  indica¬ 
ting  that  both  precursors  are  able  to  sufficiently  increase  serotonin 
release  to  initiate  negative  feedback.  Furthermore,  it  was  noted  that 
trvptophan  maximally  depressed  raphe  firing  hv  15-20  min  after  adminis- 
tration,  whereas  the  inhibition  induced  by  5— HTP  developed  more  slowly, 
requiring  30-40  minutes  for  maximal  inhibition  to  occur.  Thus,  5-HTP's 
ability  to  further  increase  plasma  2END-LI  than  tryptophan  may  he  due, 
in  part,  to  the  longer  delay  observed  for  the  inhibition  of  serotonin 
neuron  firing  to  occur  following  serotonin  administration. 

The  observation  that  a  smaller  dose  of  tryptophan  (75  versus  200 
mg/kg)  elevated  plasma  levels  of  0-END-LI  without  significantly  elevating 
total  brain  serotonin  content  may  be  best  explained  on  the  basis  that 
total  levels  of  hrain  serotonin  may  not  neoe&sarily  correlate  with  sero¬ 
tonergic  function.  A  better  index  of  serotonergic  activity  mav  he  the 
measurement  of  changes  in  serotonin  levels  reflecting  serotonergic  meta¬ 
bolism.  Also,  the  slight  increase  in  total  hrain  serotonin  content  mav 
mask  a  significant  increase  in  regional  (hypothalamic )  serotonin  function 
and  activity  which  may  result  in  increased  serotonergic  stimulation  of 
pituitary  B-END-LI  secretion.  Further,  there  is  evidence  to  suggest 
that  serotonin  synthesis  and  storage  occurs  in  separate  neuronal  pools, 
one  being  the  "storage  pool"  and  the  other  being  the  “releaseable  pool" 
(Shields  and  Eccleston,  1973).  Serotonin  within  the  "releaseable  pool" 
represents  the  newly-synthesized  amine  which  is  released  by  the  nerve 
terminal.  In  contrast,  serotonin  in  the  storage  pool  has  been  postulated 
to  be  synthesized  by  a  separate  mechanism  which  is  not  controlled  by  neur- 
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onal  activity.  Thus,  precursor  loading  with  tryptophan  may  stimulate 
the  synthesis  and  release  of  serotonin  from  a  small,  hut  functional, 
pool  without  affecting  the  larger  storage  pool  and  total  brain  levels 
of  serotonin. 

Despite  the  inherent  difficulties  in  using  trvptophan  and  5-HTP 
to  selectively  increase  serotonergic  function,  precursor  loading  is 
thought  to  he  the  most  "physiologic"  approach  to  manipulate  serotonin 
neurons.  (Peripheral  administration  of  serotonin  has  little,  if  any, 
effect  on  CNS  function  since  it  is  rapidly  degraded  hv  blood  and  tissue 
enzymes,  as  well  as,  enzymes  within  the  the  endothelium  of  the  blood- 
brain  barrier).  In  general,  the  findings  presented  here  suggest  that 
serotonin  neurons  exert  a  stimulatory  influence  over  the  secretion  of 
pituitary  3-endorphin  as  judged  by  the  dose-  and  time-related  increases 
in  plasma  levels  of  8-END-LI  following  serotonin  precursor  administra¬ 
tion. 

EFFECTS  OF  SEROTONERGIC  DRUGS  ON  PLASMA  LEVELS  OF  3-END-LI 

The  administration  of  drugs  which  prolong  or  mimic  the  action 
of  serotonin  at  its  post-svnantic  receptor  all  resulted  in  increased 
nlasma  levels  of  8-END-LI.  These  results  further  support  the  hypothesis 
that  serotonin  neurons  exert  a  stimulatory  influence  over  the  secretion 
of  pituitary  8-endorphin.  Of  course,  an  assessment  of  serotonergic  in¬ 
fluence  on  pituitary  3-END-LI  secretion  based  on  a  phamacologic  approach 
is  dependent  on  the  specificity  and  potencv  of  the  drugs  employed.  nn- 
f ortunately,  no  drug  is  absolutely  pure  and  selective  for  one  receptor 
or  substrate.  Thus,  the  possiblitv  of  serotonergic  drug  interaction 
with  other  neurotransmitter  systems  must  always  he  considered  as  a  nossi- 
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ble  additional  influence  on  pituitary  secretion.  However,  since  doses  of 
serotonin  receptor  active  drugs  have  been  carefully  chosen  here  so  that 
little,  if  any,  cross-reaction  with  other  neurotransmitter  systems  occurs, 
the  effects  observed  here  on  pituitary  6-F.ND-LI  secretion  are  most  likelv 
due  to  the  drug's  predominant  action  on  serotonin  neurons. 

Ouioazine  is  a  serotonin  receotor  agonist  which  Dossesses  some 
antinociceptive  properties  helieved  to  be  a  result  of  its  stimulatory 
action  on  central  serotonin  receptors  (Samanin  et  al.,  1976).  Ouipazine 
was  shown  to  significantly  increase  Plasma  B-EMD-LI  levels  hv  15  minutes 
post-iniection ,  and  by  90  minutes  plasma  B-FNO-LT  levels  had  returned  to 
control  values  (Fig.  6). 

These  results  suggest  that  the  time  course  of  pituitary  6-EN0-LI 
release  is  acute  (within  5  minutes)  and  that  the  rate  of  decline  in 
plasma  levels  (between  45  and  60  minutes)  most  likely  reflects  the  meta¬ 
bolic  clearance  rate  of  this  peptide  from  circulation.  Houghten  et  al . , 
(1980)  have  reported  that  the  half-life  of  human  3-endorphin  injected 
into  the  bloodstream  of  rats  is  45  minutes.  In  these  studies,  the  half- 
life  of  rat  8-endorphin  appears  to  be  much  longer  (between  60-90  minutes). 
It  is  also  possihle  that  the  decrease  in  plasma  6-F.ND-bT  levels  mav 
represent  negative  feedback  effects  of  high  plasma  and/or  pituitary  con¬ 
centrations  of  B-ENO-LT  on  the  hypothalamic  factors  controlling  its 
release.  6-endorphin  has  been  shown  to  be  present  in  high  concentration 
in  the  pituitary  portal  vasculature  (Lissi.tzkv  et  al.,  1980)  and  evidence 
for  retrograde  blood  flow  in  the  pituitarv  stalk  toward  the  hvoothalamus 
has  been  presented  by  Oliver  et  al.,  (lq77).  In  addition,  6-endorphin 
has  been  shown  to  penetrate  the  blood-brain  harrier  at  physiological 
concentrations  (Houghten  et  al.,  19H0)  and  to  influence  the  activity 
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of  neurons  involved  in  Che  regulation  of  anterior  pituitary  hormone  re¬ 
lease  (Van  Loon  et  al.,  1980).  Thus  it  is  possible  that  pituitary  13-en¬ 
dorphin  may  regulate  its  own  release  by  a  short-loop  negative  feedback 
mechanism  similar  to  other  pituitary  hormones.  In  addition,  it  is  pos¬ 
sible  that  a  long— loop  negative  feedback  mechanism  involving  the  secre¬ 
tion  of  hormones  from  target  tissue  mav  he  operating  to  inhibit  the  fur¬ 
ther  release  of  pituitary  0-END-LT.  \  likely  candidate  is  adrenal  corti¬ 
costerone,  a  glucocorticoid  known  to  he  released  in  response  to  AC'tH, 
a  peDtide  released  along  with  B-END-LI  under  most  if  not  all  conditions 
(Guillemin  et  al.,  1^77).  Glucocorticoids  have  been  shown  to  inhibit 
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B-END-LI  secretion  from  cultured  anterior  lobe  cells  (Vale  et  al.,  1979; 
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1983)  and  to  reduce  circulating  levels  of  B-ENDLI  (Hollt  et  al.,  1978; 
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Mueller  et  al.,  1981).  Since  3-END-LT.  and  \CTH  share  common  regulatory 
mechanisms  it  is  possible  that  glucocorticoids  participate  in  the  nega¬ 
tive  feedhack  control  of  pituitary  8-endorphin. 

Doubling  the  dose  of  quipazine  from  5  to  10  mg/kg  had  no  further 
effect  on  plasma  B-END-LI  levels  (Fig.  ft).  This  observation  suggests 
that  all  serotonin  receptors  involved  in  the  regulation  of  pituitarv 
P-END-LI  were  occupied  following  the  ft  mg/kg  dose  of  qutoazine  and  that 
no  further  effect  could  he  observed  on  plasma  B-END-LI  levels  with  the 
higher  dose.  It  is  also  possible  that  at  the  higher  dose,  nuipazlne 
mav  affect  other  neurotransmitter  svstems  which  interact  in  a  competitive 
fashion  to  attenuate  the  net  effect.  In  support  of  this  alternative, 
quipazine  has  been  shown  to  interact  with  dopamine  neuron  function  at 
this  higher  hut  not  lower  dose  (Ponzio  et  al.,  1Q81),  and  dooamine  neu¬ 
rons  have  heen  shown  to  inhihit  pituitarv  3  — EbJO— T  release  (Farah  et  al., 
1982;  Giraud  et  al.,  1980). 


129 

The  ability  of  cinanserin,  a  serotonin  receptor  antagonist,  to 
block  the  quipazine-induced  rise  in  plasma  8-END-LI  (Fig.  7)  further 
suggests  that  quipazine's  effect  on  pituitary  6-END-LI  secretion  is  due 
to  serotonin  receptor  stimulation.  Cinanserin  treatment  alone  at  various 
doses  and  treatment  times  was  unable  to  reduce  circulating  levels  of 
8-END-LI  (Fig.  8)  and  this  may  indicate  that  the  basal  secretion  of 
8-endorphin  is  under  tight  regulation  which  prevents  a  decrease  in  the 
already  low  circulating  levels. 

Fluoxetine  is  an  interesting  and  widely  used  drug  which  inhihits 
the  reuptake  of  serotonin  by  the  pre-synaptic  nerve  terminal  and  thereby 
increases  the  duration  of  serotonin  activity  within  the  synaptic  cleft 
and  the  possibity  of  its  binding  to  post-synaptic  receptors.  Accordingly, 
fluoxetine's  action  serves  to  increase  endogenous  serotonergic  tone  by 
enhancing  existing  serotonergic  neurotransmission.  Fluoxetine  treatment 
elevated  hasal  levels  of  plasma  3-END-LI  (Fig.  9)  indicating  that  sero¬ 
tonin  neurons  are  involved  in  the  stimulatory  regulation  of  pituitary 
8-END-LI  release.  Since  cyproheptadine,  a  serotonin  receptor  blocker, 
attenuated  the  fluoxetine-induced  rise  in  plasma  8-END-LI  (Fig.  1), 
this  further  suggests  that  fluoxetine's  effects  on  pituitary  8-END-LI 
secretion  are  mediated  through  a  serotonergic  mechanism.  Complete  block¬ 
ade  of  the  fluoxetine-induced  rise  in  nlasma  levels  of  6-END-LI  was  not 
observed  by  the  doses  of  cyproheptadine  tested.  However,  the  observation 
that  increasing  doses  of  cyproheptadine  resulted  in  a  greater  attenuation 
of  the  fluoxetine-induced  rise  suggest  that  perhaps  not  all  serotonin 
receptors  were  blocked  at  the  doses  used.  Like  cinanserin,  cyprohepta¬ 
dine  also  had  no  effect  on  resting  levels  of  plasma  8-END-LI. 


Another  pharmacologic  approach  for  enhancing  serotonergic  neuro- 
transmission  is  to  prolong  serotonergic  activity  within  the  synaptic 
cleft  by  inhibiting  its  enzymatic  degradation.  Pargylene  is  a  drug 
which  inhibits  monoamine  oxidase,  the  enzyme  that  is  principally  respon¬ 
sible  for  the  metabolism  of  serotonin  to  5-HIAA.  Pargylene  has  been 
shown  to  increase  intraneuronal  stores  of  serotonin  (Tozer  et  al., 

1966)  which  apparently  results  in  increased  concentrations  of  serotonin 
in  the  synaptic  cleft  due  to  the  release  of  larger  quantities  of  seroto¬ 
nin  per  nerve  impulse.  Pargylene  treatment  was  shown  to  increase  plasma 
0-END-LI  concentrations  in  a  dose-related  manner  (Fig.  11),  suggesting 
once  again  that  serotonin  neurons  exert  a  stimulatorv  influence  over  the 
secretion  of  pituitary  S-END-LI.  The  time  course  of  pituitary  0-END-T.T 
release  following  pargvlpne  treatment  shows  an  acute  2-fold  rise  (within 
20  min)  with  a  peak  at  40  min  and  a  return  to  control  levels  hv  60  min 
post-iniection  (Fig.  11).  This  time  course  of  pituitary  3-END-LT  release 
is  similar  to  the  one  observed  following  quipazine  treatment.  (3-END-LI 
is  released  within  20  min  and  is  cleared  from  circulation  by  90  min. 

One  important  point  about  pargylene  that  should  he  noted  is  that 
it  inhibits  the  degradation  of  other  biogenic  amine  neurotransmitters 
such  as  catecholamines  which  are  known  to  be  metabolized  by  monoamine 
oxidase.  Hence,  the  effects  observed  here  are  not  due  solely  to  an  in¬ 
crease  in  serotonergic  activity  but  mav  also  be  due  to  enhanced  norad¬ 
renergic  neurotransmission  which  has  also  heen  associated  with  increased 
pituitary  3-FNn-U  release  (Pettihone  and  Mueller,  19921.  However, 
pargylene  at  the  times  and  doses  employed  here  has  heen  reoorted  to 
significantly  increase  brain  serotonin  content  and  lower  S-HTAA  concen¬ 
trations  (Reinhard  et  al.,  19R0)  indicating  an  important  effect  of 
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pargylene  on  serotonin  function.  Furthermore,  the  observed  effects  on 
plasma  levels  of  8-END-LI  following  pargylene  treatment  are  consistent 
with  all  previous  findings  in  which  serotonergic  neurotransmission  is 
presumably  increased  by  different  methods. 

The  administration  of  serotonin,  the  endogenous  ligand  for  sero¬ 
tonin  receptors,  provides  another  pharmacologic  method  for  the  enhance¬ 
ment  of  serotonergic  neurotransmission.  Since  peripherally  administered 
serotonin  is  rapidlv  degraded  (liver,  lung)  before  significant  amounts 
enter  the  CNS,  serotonin  was  administered  centrallv.  Since  the  effects 
of  serotonin  on  oituitary  secretion  were  expected  to  be  acute,  animals 
were  anesthetized  20  min  prior  to  icv  iniection  and  remained  anesthetized 
until  samples  were  collected  15  min  later.  The  general  anesthetic  penta- 
barbital  was  used  since  its  minor  effect  to  increase  plasma  levels  of 
3-END-LI  is  known  to  occur  within  10  min  of  iniection  and  Ls  followed 
by  a  return  of  plasma  levels  of  B-END-LI  toward  control  values  by  20 
min  (Mueller  and  Maiewski,  1983).  Thus,  at  the  time  of  blood  collection, 
changes  in  blood  levels  of  B-END-LI  are  most  likely  due  to  the  effects 
of  exogenous  serotonin.  Serotonin  administration  increased  circulating 
levels  of  B-END-Lt  in  a  dose-related  manner,  however,  only  at  the  high¬ 
est  dose  was  this  increase  statist icallv  significant  (Fig.  10).  The 
large  standard  error  of  the  mean  within  each  treatment  group  masked  anv 
significant  effects  of  serotonin  at  the  lower  doses.  A  contributing 
factor  to  the  large  spread  in  plasma  8-KND-LI  values  within  each  treat¬ 
ment  group  is  most  prohahlv  the  use  of  anesthesia.  Anesthesia  introduces 
another  variable  into  each  group  by  producing  a  stimulation  of  its  own 
on  pituitary  p-END-LI.  In  addition,  pentaharbital  obviouslv  effects 
CNS  function  in  order  to  produce  anesthesia  and  these  effects  may 


influence  serotonergic  function.  Thus  the  observed  changes  in  plasma 
levels  of  3-END-LI  may  be  due  to  the  combined  effects  of  serotonin 
stimulation  and  anesthesia  on  pituitary  6-END-LI  secretion. 

In  summary,  the  administration  of  serotonergic  drugs  which  pro¬ 
long  or  mimic  the  action  of  serotonin  at  its  post-synaptic  receptor,  or 
inhibit  serotonin  degradation  all  resulted  in  increased  levels  of  plasma 
6-ENP-LI.  These  results  are  consistent  with  the  serotonin  precursor 
studies  and  further  substantiate  a  stimulatory  role  of  serotonin  neurons 
in  the  control  of  pituitary  3-endorphin  release. 

THE  EFFECTS  OF  ELECTRICAL  STIMULATION  OF  BRAINSTEM  SEROTONERCIC  NUCLEI 

ON  PITUITARY  g-END-LI  RELEASE 

It  is  well  established  that  serotonergic  neurons  of  the  raphe  nu¬ 
clei  play  an  important  role  in  pain  perception  and  analgesia  (see  Messing 
and  Lytle,  1977;  Mayer  and  Price,  1978).  Electrophysiologic  stimulation 
of  raphe  nuclei  produces  a  behavioral  analgesia  in  both  laboratory  ani¬ 
mals  and  man.  In  fact,  electrical  stimulation  of  the  raphe  region  in 
humans  ameliorates  otherwise  intractable  pain  caused  by  a  variety  of 
pathologies.  Conversely,  destruction  of  raphe  nuclei  results  in  hyper¬ 
algesia  which  can  be  reversed  upon  restoring  serotonergic  function. 
Interestingly,  the  serotonergic  cell  bodies  of  the  ranhe  nuclei  (Dorsal 
and  Median)  proiect  to  hypothalamic  areas  known  to  he  involved  in  the 
neuroendocrine  regulation  of  pituitary  hormone  release  (van  De  Kar  and 
Lorens,  1979)  and  may  well  evoke  the  release  of  pituitary  0-endorphin 
when  electrically  stimulated.  Accordingly,  release  of  pituitary  3-end¬ 


orphin  may  participate  in  the  analgesia  associated  with  raphe  stimulation 
To  examine  the  question  of  whether  raphe  serotonin  neurons  are  in 
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volved  in  the  regulation  of  pituitary  0 -endorphin  release,  a  series  of 
experiments  were  conducted  in  rats  in  which  the  Dorsal  (DRN)  and  Median 
(MRN)  raphe  nuclei  were  electrically  stimulated  and  blood  was  collected 
to  determine  the  effects  of  stimulation  on  plasma  levels  of  0-END-LI. 

It  was  observed  that  electrical  stimulation  of  the  DRN  did  not  signifi¬ 
cantly  alter  circulating  levels  of  0-END-LI  over  a  10-fold  increase  in 
current  strength  or  during  a  25  min  period  of  stimulation  (Table  3  and  4). 
Likewise,  15  min  of  MRN  stimulation  at  a  maximal  current  strength  and 
duration  which  did  not  produce  visible  motor  responses  (e.g.  whisker 
or  eyelid  twitching)  had  no  effect  on  nlasma  levels  of  6-END-LI 
(Fig.  23).  The  results  from  these  limited  experiments  might  suggest 
that  raphe  serotonin  neurons  exert  little,  if  any,  influence  over  the 
secretion  of  pituitary  0-END— LI.  However,  in  addition  to  the  fact  that 
the  sample  stge  (n=l-3)  is  small,  several  other  possible  explanations 
•  must  be  considered. 

First,  and  probably  most  important,  pre-stimulation  and  control 
plasma  levels  of  0-END-LI  in  rats  anesthetized  and  positioned  in  the 
stereotaxic  instrument  were  almost  in  times  greater  than  those  observed 
in  unanesthetized  control  animals  (3.5  -  0.2  ng/ml  vs.  0.30  ±  0.06  ng/ml; 
from  Fig.  23  and  Table  2,  respectively),  and,  in  fact,  these  elevated 
levels  of  plasma  0-END-LI  were  twice  as  high  as  those  observed  in  rats 
stressed  by  immobilization  (Fig.  12).  Thus,  it  appears  that  anesthesia 
and  surgical  stress  together  provide  a  maximal  stimulus  for  the  release 
of  pituitarv  0-F.Nn-LT  and,  therefore,  stimulation  of  ranhe  neurons  is 
unable  to  further  increase  0-END-LI  release. 

It  is  also  possible  that  anesthesia  and/or  surgical  stress  mav 
have  prevented  or  masked  the  subsequent  effects  of  electrical  stimulation. 
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In  support  of  this  hypothesis  Trulson  and  Trulson  (1983)  have  shown  that 
anesthesia  alters  the  responsiveness  of  DRN  neurons  to  a  variety  of  psy¬ 
choactive  drugs,  further  underscoring  the  possible  interference  that 
anesthesia  may  have  on  raphe  serotonergic  function.  Therefore,  if  both 
anesthesia  and  serotonergic  activation  stimulate  pituitary  S-END-LI  re¬ 
lease  through  a  common  mechanism  (e.e.  activation  of  serotonin  neurons) 
then  the  combined  effect  of  both  stimuli  may  not  necessarily  produce 
additive  effects  on  pituitary  8-ENT)-LI  secretion.  It  mav  also  be  nossible 
that  some  of  the  analgesic  effects  of  anesthesia  mav  be  mediated  hv  en¬ 
hanced  serotonergic  activity  and  that  further  electrical  stimulation  of 
these  neurons  may  effectively  inhibit  further  neuronal  firing  by  a  nega¬ 
tive  feedback  mechanism.  In  support  of  this,  it  has  been  shown  that  in¬ 
creased  availability  of  serotonin  in  the  synapse  can  induce  a  depression 
in  the  firing  rate  of  raphe  neurons  (Agha-janian  and  Gallager,  1976).  The 
important  point  to  note  here  is  the  time  frame  for  inhibition  of  seroto¬ 
nin  firing  which  presumably  occurs  after  sufficient  concentrations  of 
serotonin  exist  in  the  synaptic  cleft  to  activate  presynaptic  serotonin 
receptors  which  modulate  the  synthesis  and  further  release  of  serotonin 
from  the  nerve  terminal.  This  most  likely  does  not  occur  acutely  follow¬ 
ing  electrical  stimulation  when  serotonergic  effects  on  pituitary  8-END- 
LI  secretion  are  most  likely  to  occur.  However,  anesthesia  may  elevate 
serotonin  concentrations  in  the  svnaptic  cleft  by  initiating  serotonergic 
activation  and  subsequent  electrical  stimulation  may  further  increase 
synaptic  serotonin  levels  resulting  in  an  inhibition  of  serotonin  neuron¬ 
al  firing.  Clearly,  a  better  model  for  studving  the  effects  of  raohe 
electrical  stimulation  on  pituitarv  secretion  of  a  hormone  like  |3-endor- 
phin  which  is  extremely  responsive  to  physical  and  environmental  stimuli 
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or  manipulations  should  include  unanesthetized,  unrestrained  animals 
with  chronically  implanted  electrodes  for  electrical  stimulation  and 
indwelling  catheters  for  blood  collection. 

INVESTIGATION  OF  THE  NEURAL  BASIS  FOR  STIMULATED  RELEASE 
OF  PITfJTIARY  6 -END -LI 

The  observation  that  phvsical  stimuli,  especially  those  result¬ 
ing  in  pain,  evoke  a  tremendous  release  of  pitnitarv  0-FND-T.I  suggests 
that  pituitary  0-ENP-LI  may  function  in  pain  and  stress  adaptation. 

Hence,  investigating  the  neural  basis  for  stimulated  pituitary  0-END-LI 
release  may  be  of  importance  in  providing  insights  into  the  physiologic 
functions  of  pituitary  and  blood-borne  0-endorphin. 

Physical  immobilization  was  found  to  be  a  potent  stimulus  for 
pituitary  0-END-LI  release.  Following  30  min  of  restraint,  plasma 
0-END-LI  levels  rose  12-fold  (Fig.  12).  Since  the  basal  secretion  of 
0-END-LI  appears  to  be  difficult  to  depress  i^n  vivo ,  the  stimulated 
secretion  of  0-END-LI  may  provide  a  good  model  for  examining  the  effects 
of  serotonergic  manipulation  thought  to  inhibit  pituitary  B-endorohin 
release.  Accordingly,  five  and  ten  davs  treatment  with  5,7-DHT,  a  sero¬ 
tonin  neurotoxin  which  bv  reducing  hypothalamic  serotonin  content  by  75% 
and  77%,  respectively,  probably  significantly  reduced  serotonergic  func¬ 
tion,  was  shown  to  reduce  the  stress-induced  release  of  pituitary  0-F.ND- 
LI  (Fig.  12).  These  findings  suggest  that  serotonin  neurons  are  involved 
in  the  stress-induced  release  of  pituitary  0-endorphin  and  are  consistent 
with  the  puhlished  findings  of  Bruni  et  al.  (1982)  in  which  thev  showed 
that  fluoxetine  treatment  potentiated  the  plasma  0-END-LI  response  to  im¬ 
mobilization  stress.  Since  similar  treatments  which  abolish  serotonergic 
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function  have  been  reported  to  reduce  opiate  and  stimulation-produced 
analgesia,  it  is  possible  that  this  effect  may  be  due,  at  least  in 
part,  to  a  decrease  in  serotonin-stimulated  pituitary  6-END-LI  release. 

5,7-DHT  treatment  at  a  dose  of  75  pg  did  not  significantly  in¬ 
fluence  resting  levels  of  plasma  8-END-LI  in  non-stressed  animals  (Fig. 

12).  This  finding  is  consistent  with  the  other  pharmacological  data 
where  serotonin  receptor  antagonists  were  unable  to  depress  basal  levels 
of  circulating  8-END-LI.  However,  a  higher  dose  (200  pg)  of  5,7-nHT 
was  found  to  reduce  resting  levels  of  plasma  8-F.ND-LI  by  44%  as  well  as 
significantly  reduce  hvpothalamic  serotonin  content  ("Fig.  13).  It  should 
he  noted  that  in  this  latter  experiment  animals  treated  with  5,7-DHT  for 
10  days  experienced  significant  weight  loss  (20%  weight  loss  compared  to 
control  animals)  and  this  effect  may  have  contributed  to  the  observed 
decrease  in  basal  levels  of  8-END-LI. 

Ether  exposure  evoked  a  more  moderate  release  of  pituitary  8-END- 
LI  as  compared  to  immobilization  stress  (2.8-fold  vs.  12-fold)  and  thus 
provides  a  submaximal  stimulus  for  pituitary  8— END— LI  release  which  may 
be  potentiated  by  the  administration  of  serotonergic  drugs  known  to  stimu¬ 
late  8-END-LI  release.  Fluoxetine  can  be  thought  of  as  a  drug  which  en¬ 
hances  endogenous  serotonergic  tone  by  indirectly  facilitating  seroton¬ 
ergic  neurotransmission.  If  serotonin  neurons  are  involved  in  the  stress- 
induced  release  of  pituitary  8-END-LI,  then  fluoxetine  treatment  would  en¬ 
hance  this  effect  and  further  increase  the  ether-induced  release  of  pitui¬ 
tary  8-END-LI.  Animals  treated  with  fluoxetine  and  then  exposed  to  ether 
did  have  significantly  higher  plasma  levels  of  8-END-LI  than  animals  ex¬ 
posed  to  ether  alone  hut  not  fluoxetine  alone  (Fig.  14).  Thus,  fluoxetine 
treatment,  at  the  dose  tested,  does  not  appear  to  potentiate  the  ether- 
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induced  release  of  pituitary  B-END-LI.  One  explanation  for  this  obser¬ 
vation  is  that  both  ether  stress  and  fluoxetine  treatment  may  be  activ¬ 
ating  a  common  serotonergic  pathway  to  stimulate  pituitary  B-END-LI 
secretion  thereby  preventing  an  additive  effect.  Conversely,  it  may  act¬ 
ually  appear  that  fluoxetine  treatment  blunts  that  response  to  ether 
stress.  These  interpretations  cannot  be  resolved  on  the  basis  of  the 
present  experiments  alone. 

The  observation  that  5,7-DHT  treatment  significantly  attenuated 
immobilization  stress— induced  B— END— LI  release,  and  the  reported  findings 
that  immobilization  and  other  forms  of  stress  increase  hvoothalamic  and 
whole  brain  serotonin  neuronal  activity  as  reflected  by  increases  in 
serotonin  metabolism  ('lueller  et  al.,  1976;  Thierry  et  al.,  1%8)  suggest 
that  serotonin  neurons  are  involved  in  the  release  of  pituitary  8-END-LI 
in  response  to  immobilization  stress.  Participation  of  serotonin  neurons 
in  ether  stress-induced  pituitary  6-END-LI  is,  however,  less  clear.  Fur¬ 
thermore,  is  has  been  shown  that  centrally  administered  B-endorphin  in¬ 
creases  serotonin  metabolism  (Van  Loon  and  De  Souza,  1978).  Therefore,  it 
is  possible  that  the  enhanced  serotonergic  metabolism  observed  during 
stress  may  result  as  a  consequence  of  stimulated  pituitary  B-endorphin 
secretion.  However,  the  observation  that  S,7-DHT  treatment  reduced  the 
stress-induced  release  of  S-END-LI  indicates  that  serotonergic  activation 
is  necessary  for  the  stres-induced  release  of  B-END-LI  and  most  likelv 
preceeds  this  event. 

The  precise  role  which  brain  serotonergic  neurons  and  pituitarv 


B-END-LI  secretion  plav  in  the  physiological  response  to  stress  have,  vet 
to  be  determined.  Recent  observations  suggest  that  the  behavioral 
analgesia  that  results  as  a  consequence  of  stress  requires  serotonin 
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neurotransmission  (Bhattacharya  et  al.,  1978)  and  opiate  receptor  ligands 
(Lewis  et  al.,  1980)  of  pituitary  origin  (Amir  and  Amit,  1979).  The 
present  findings  that  brain  serotonin  neurons  are  involved  in  the  stress- 
induced  release  of  pituitary  0-END-LI  further  suggest  that  stress-induced 
analgesia  may  result  as  a  conseouence  of  serotonergic  stimulation  of 
pituitary  0-END-LI  secretion. 

DETERMINATION  OF  THE  PITUITARY  SOURCE  (AL  vs.  IL)  FOR  CIRCULATING  0  -END-LI 

In  vitro  AL  and  IL  cells  secrete  distinctive  forms  of  0-END-LI 
wbich  most  likelv  reflect  the  differential  secretion  of  these  peotides 
from  the  AL  and  IL  in  vivo.  Cultured  AL  cells  secrete  3-LPH-sized  and 
3-END^_3i-sized  immunoreactivitv  whereas  the  IL  secretes  predominantly 
the  smaller  and  acetylated  forms  of  0-END^_3^  and  no  0-LPH  (Liotta  Pt  al., 
1978;  Eipper  and  Mains,  1981;  Smyth  and  Zakarian,  1980).  Since  only  cul¬ 
tured  AL  cells  secrete  appreciable  amounts  of  the  analgesic  form  of 
g-END-Li  (0-END1_31),  determination  of  the  molecular  forms  of  0-END-LI 
secreted  in  response  to  serotonergic  stimulation  is  of  particular  inter¬ 
est  in  evaluating  the  role  of  serotonin  neurons  and  pituitary  0-END-LI 
in  current  models  of  endogenous  analgesia.  To  determine  the  pituitary 
source  (AL  vs  IL)  for  blood-borne  0-END-LI,  0-LPH-s ized  and  0-END-sized 
immunoreactivity  were  resolved  on  the  basis  of  molecular  weight  using 
gel  filtration  chromatography  and  identified  hv  comparing  their  position 
in  the  elution  profile  with  that  of  known  standards.  The  presence  of 
0-LPH-sized  immunoreactivitv  in  plasma  was  interpreted  to  reflect  AL 
secretion  of  0-END-LI  in  vivo,  since  onlv  cultured  AL  cells  secrete 
0-LPH  (Fig.  15). 

A  comparison  of  the  gel  filtration  elution  profiles  from  control 
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and  drug-treated  animals  revealed  that  tryptophan,  5-HTP,  fluoxetine  and 
quipazine,  drugs  which  enhance  serotonergic  neurotransmission,  oredoni- 
nantly  increased  the  form  of  plasma  B-END-LI  corresponding  to  0-LPH  in 
molecular  size  (Fig.  16  and  17).  Virtually  all  of  the  rise  in  plasma 
8-END-LI  following  tryptophan  administration  was  due  to  0-LPH-sized  immu- 
noreacti vitv .  5-HTP,  fluoxetine  and  quipazine  also  increased  to  a  lesser 
extent  the  peak  of  immunoreactivitv  resembling  B-END  in  molecular  size. 
These  results  suggest  that  serotonin  neurons  nredominantlv  stimulate  the 
release  of  0-END-LI  from  AL  cort icotrophs .  These  conclusions  are  further 
supported  by  the  recent  findings  of  Petraglia  et  al.  H982)  in  which  sero¬ 
tonin  agonist  drugs  were  shown  to  deplete  AT,  hut  not  affect  NIL  8 -E NO-LI 
content  and  elevate  plasma  6-LPH  and  8-ENO  levels. 

The  observation  that  serotonergic  drugs  predominantly  release  a 
form  of  B-END-LI  resembling  8-LPH  in  molecular  size  raises  questions 
about  the  physiologic  importance  of  circulating  0-LPH.  To  date,  the  func¬ 
tions  for  plasma  0-LPH  are  unclear.  Some  evidence  suggests  that  B-LPH 
may  play  a  role  in  aldosterone  regulation  (Matsuoka  et  al.,  1980)  and 
lipid  metabolism  (Li,  1964).  However,  B-LPH  does  not  appear  to  bind 
opiate  receptors  (Cox  et  al.,  1976)  and  does  not  possess  analgesic  pro¬ 
perties.  In  addition,  little,  if  any,  conversion  of  B-LPH  to  B-END 
occurs  in  blood  (Aronin  et  al.,  1981;  Houghten  et  al.,  1980)  suggesting 
that  B-LPH  in  blood  most  likely  does  not  function  as  a  precusor  pool  for 
circulating  0-endornhin.  Although  it  has  not  vet  been  demonstrated,  it 
is  possible  that  0-LPH  mav  act  to  permit  or  modulate  B-endornhin 's  bio¬ 
activity.  nf  course,  a  role  for  0-LPH  unrelated  to  0-endornhin  and  anal¬ 
gesia  is  also  possible. 

Since  both  0-LPH  and  B-END  immunoreactivitv  are  secreted  .in.  vitro. 
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from  AL  cells,  then  it  is  expected  that  some  3-EN01_31  is  released  con¬ 
comitant  with  the  observed  rise  in  3-LPH  and  this  is  evidenced  by  the  ob¬ 
served  increase  in  the  (3-END  peak  of  immunoreacti vi ty .  The  total  concen- 
trati-ons  of  0—  END^_33  Plasma  are  probably  too  small  to  produce  an  anal¬ 

gesic  effect.  However,  the  amount  of  0— END^_33  entering  the  brain  from 
the  pituitary  is  unknown  and  may  significantly  contribute  to  CNS  mechan¬ 
isms  of  analgesia.  It  is  also  possible  that  other  ohysiologic  functions 
unrelated  to  analgesia  and  presently  unknown  mav  be  likely  for  serotonin- 
induced  C-END-LI  release. 

The  molecular  forms  of  0— END-Ll  in  plasma  most  likelv  represent 
the  overall  release  of  0-END-LI  from  both  the  AT.  and  II.  in  vivo.  Rased 
on  the  i_n_  vitro  release  patterns,  one  would  expect  plasma  responses  of 
similar  magnitudes  in  the  release  of  0-LPH  and  0-END  since  these  two  forms 
appear  to  be  secreted  ahout  equally  from  AL  cultures  (Fig.  15).  The  obser¬ 
vation  that  plasma  from  animals  treated  with  serotonergic  drugs  contained 
greater  amounts  of  0-LPH  than  0-END  suggests  that  the  secretory  patterns 
of  cells  in  culture  may  not  reflect  exactly  the  proportions  in  which 
these  peptides  are  secreted  in  vivo.  In  any  event,  it  is  evident  that 
the  AL  is  the  principle  origin  of  the  0-END-LI  released  in  response  to  ser¬ 
otonergic  drugs  suggesting  that  the  immunoreactivitv  resembling  0-F.ND  in 
molecular  size  most  probablv  is  the  analgesic  form  secreted  from  the  AL. 

It  remains  to  be  determined  to  what  extent  experimenta llv-induced 
changes  in  the  processing  of  the  0-END  nrecursor  molecule  or  the  clearance 
rates  for  the  different  forms  of  plasma  0-END-LI  mav  have  contributed  to 
the  observed  shifts  in  the  chromatographic  profiles  of  plasma  2-F.Nn-LI. 
0-LPH  and  S-F.ND^j  have  been  shown  to  be  relatively  stable  in  hlood 
(Houghten  et  al.,  19R0;  Aronin  et  al.,  19R1)  and  little,  if  anv,  conver- 
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ston  of  B-LPH  to  6-END  has  been  shown  to  occur  under  the  blood  collect¬ 
ion,  storage  and  handling  procedures  emploved  here  (unpublished  labora¬ 
tory  findings).  Blood  was  collected  into  plastic  tubes  containing  baci¬ 
tracin,  a  protease  inhibitor,  and  EDTA,  a  calcium  chelator,  and  kept  on 
ice  until  plasma  was  separated  by  centrifugation  (at  4°C).  Plasmas 
were  stored  at  -70°C  which  further  Insures  inactivation  of  all  metabolic 
processes.  In  addition,  3— END-LI  has  been  shown  to  be  stable  in  the 
weak  acid  eluent  (0.1  N  acetic  acid)  used  in  the  chromatographic  separ¬ 
ations.  These  procedures  assure  that  the  observed  ratios  of  0-LPH/0-END 
accurately  reflect  the  ratio  Present  in  blood  at  the  time  of  blood  col¬ 
lection  . 

The  chromatographic  profiles  provide  useful  information  about 
the  ratio  or  relative  amounts  of  B-LPH  and  S-END  in  plasma  pooled  from 
each  treatment  group.  Plasma  was  necessarilv  pooled  in  order  to  achieve 
adequate  amounts  of  total  6— END-U  to  he  resolved  hv  gel  filtration  chro¬ 
matography.  The  plasma  elution  profiles,  therefore,  provide  qualitative 
rather  than  strictly  quantitative  information  about  the  molecular  forms 
of  plasma  0-END-LI.  Nevertheless,  the  results  do  lend  themselves  to  logi¬ 
cal  interpretation  as  elution  profiles  of  plasma  from  animals  treated 
with  the  same  drug  in  separate  experiments  consistently  yield  similar 
results . 

The  elution  profiles  of  plasma  from  control  animals  in  various 
and  separate  experiments  shows  that  the  0-LPH  peak  of  immunoreacti vity 
comprises  2n%-5n^  of  total  0-F.ND-LI.  This  finding  plus  the  observation 
that  dexamethasone ,  a  selective  antagonist  of  AL  corticotrooh  secretion, 
reduced  circulating  levels  of  3-END-LI  to  below  the  limit  of  assav  detec¬ 
tion  in  control  animals  (Fig.  21)  suggest  that  the  AL  is  the  principle 
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source  for  the  basal  (soontaneous )  release  of  3-END-LT.  Tt  is  likelv 
that  the  IL  may  also  contribute  to  the  basal  secretion  of  fl-END-LI  since 
a-MSH,  a  peptide  co-secreted  with  B-F.ND-LI  from  the  IL,  is  present  in 
normal  rat  blood  (Hsategui  et  al.,  1976),  However,  evidence  for  the  ex¬ 
istence  of  the  smaller  and  acetylated  forms  of  0-END1_31  in  normal  rat 
blood  remains  unclear  and  questionable  suggesting  that  the  basal  secre¬ 
tion  of  3-END-LI  from  the  IL  may  be  negligible.  Interestingly,  the  IL 
contains  over  90%  of  the  total  3-END-LI  present  in  the  pituitary  gland 
(Mueller,  1980).  Therefore,  it  is  surprising  to  find  (and  difficult  to 
explain)  that  this  lobe  contributes  so  little,  if  at  all,  to  the  basal 
secretion  of  3-END-LI.  This  observation  raises  the  question  of  the  impor¬ 
tance  of  the  IL  in  the  rat  and  further  supports  the  view  that  this  Dor- 
tion  of  the  pituitary  is  most  orobahlv  vestigal. 

The  observation  that  cinanserin  and  5,7-DHT,  a  serotonin  receptor 
blocker  and  neurotoxin,  resnectivelv,  reduced  both  8-LPH  and  3-END-sized 
immunoreactivi ty  in  response  to  serotonergic  stimulation  and  stress, 
respectively  (Fig.  18  and  19),  further  supports  the  hypothesis  that  the 
rise  in  8-LPH  and  8-END  is  mediated  through  a  serotonergic  mechanism. 

In  addition,  these  findings  further  substantiate  that  3-FND-sized  immu- 
noreactivity  (8-END1_3i)  is  released  from  the  AL  along  with  3-LPH  in 
response  to  serotonergic  stimulation  and  stress,  both  cinanserin  and 
5,7-DHT  treatments  did  not  alter  the  total  levels  or  ratios  of  the 
molecular  forms  of  8-END-LI  in  control  (non-stressed )  animals  indicating 
that  these  treatments  were  unahle  to  reduce  the  basal  secretion  of 
pituitary  8-END-LI. 

As  observed  with  the  administration  of  serotonergic  drugs,  immo¬ 
bilization  and  ether  stress  also  increased  total  levels  of  plasma  8-KND- 
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LI.  F.lution  profiles  of  plasma  from  animals  stressed  bv  immobilization 
or  ether  demonstrate  an  increase  in  both  forms  of  immunoreactivitv  with 
a  relatively  greater  rise  in  (3-LPH  than  S-F.ND  (Fig.  19  and  203.  This  sug¬ 
gests  that  stress  also  activates  AL  corticotroph  secretion  of  3-F.ND-LI. 
This  conclusion  is  further  supported  by  the  well-known  fact  that  stress 
elevates  corticotrophic  ACTH  release  in  rats  (Guillemin  et  al.,  1977). 

A  dramatic  rise  in  3-END-sized  immunoreacti vity  was  also  observed  in  the 
plasma  of  these  animals  suggesting  that  a  significant  portion  of  total 
plasma  6-END-L1  may  be  derived  from  the  IL  in  response  to  stress.  In 
support  of  this  view,  it  has  been  reported  that  the  selective  destruction 
of  the  NIL  attenuates  the  stress-induced  release  of  (J-END-LI  in  rats 
(Przewlocki  et  al.,  1982).  Furthermore,  it  has  been  reported  that  a-MSM 
a  secretorv  product  released  along  with  B-EMD  peptides  from  TL  melano- 
trophs  (Mains  and  Einper,  1979),  is  elevated  in  plasma  of  stressed  rats 
(Mialhe  and  Rriaud,  1977;  Tilders  et  al.,  19R2).  In  addition,  another 
possible  explanation  for  the  dramatic  rise  in  3-ENn-sized  immunoreacti- 
vitv  is  that  stress  mav  trigger  the  release  of  factor(s)  into  blood 
which  may  act  to  promote  the  further  cleavage  of  circulating  8-LPH  to 
8-END  in  vivo.  The  release  of  such  factor(s)  into  blood  in  response 
to  stress  is  presently  unknown  and  may  be  of  interest  to  investigate. 

In  summary,  serotonergic  drugs  and  stress  predominantly  influence 
the  release  of  a  form  of  8-END-LI  known  only  to  be  released  from  cultured 
AL  cells  suggesting  that  the  rise  in  plasma  8-END-LI  in  response  to  ser¬ 
otonergic  stimulation  or  stress  originates  from  AL  cort icotroohs .  Accord 
inglv,  the  pronounced  rises  in  plasma  fJ-ENO-LI  resembling  3-LPH  and 
g-END  evoked  hv  serotonergic  drugs  and  stress  are  nrobahly  mediated 
through  serotonin  neurons  which  regulate  the  release  of  hvpothalamic 


CRF,  the  hypothalamic  hormone  which  regulates  AL  corticotrophs  and 
hence,  3-END-LI  and  ACTH.  Serotonin  has  been  reported  to  stimulate  the 
secretion  of  CRF  from  hypothalamic  tissue  in  vitro  (Buckingham  and 
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Hodges,  1979),  and  CRF  has  been  shown  to  be  a  potent  releaser  of 
B-LPH-sized  immunoreactivity  from  cultured  AL  cells  (Vale  et  a!.,  1978) 
and  to  elevate  circulating  levels  of  B -END-LI  in  vivo  (Rivier  et  al., 
1982).  These  conclusions  are  further  supported  hv  the  observation 
that  dexamethasone,  a  selective  antagonist  of  CRF-stimulated  cortico¬ 
tropin  secretion  in  vitro  (Vale  et  al.,  1978,  1979,  1983),  preferential¬ 
ly  reduced  circulating  levels  of  B -END-LI  corresponding  to  3-LPH  under 
basal  conditions  and  following  serotonergic  activation  (Fig.  21).  Al¬ 
though  dexamethasone  lowered  circulating  levels  of  S-LPH-like  immuno¬ 
reactivity  to  below  the  limit  of  assay  detection  in  control  animals, 
dexamethasone  was  unable  to  completely  prevent  the  release  of  8-LPH  in 
fluoxetine-treated  animals  at  a  dose  of  50  pg/kg.  In  addition,  dexameth¬ 
asone  has  been  reported  to  reduce  the  stress-induced  release  of  pituitary 
B-FND-LI  (Guillemin  et  al.,  1977)  and  to  attenuate  stress-induced  anal¬ 
gesia  (Lewis  et  al.,  1980).  This  further  supports  the  possibility  that 
serotonergic  activation  and  stress  evoke  the  release  of  an  analgesic 
form  of  8-endorphin,  B-ENDj_3j,  from  AL  corticotrophs.  If  this  is  the 
case,  then  these  findings  strengthen  the  hypothesis  that  serotonergic 
stimulation  of  pituitary  8-F.ND^_31  release  may  represent  another  means 
by  which  serotonin  neurons  and  endorphins  interact  together  in  endogenous 
mechanisms  of  analgesia.  Furthermore,  if  plasma  levels  of  B-ENDj^^ 
are  preferentially  elevated  in  response  to  serotonin  and  stress,  then 
this  suggests  that  8~END^_3^  mav  have  a  physiologic  function  in  stress 
analgesia  since  analgesia  is  observed  during  stress  and  enhanced  sero- 


tonergic  neurotransmission. 


THF.  EFFECTS  of  SEROTONIN  HCL  AND  CRF  ON  THE  RELEASF  OF  3-EN’n-LI  FROM 
CULTURED  ANTERIOR  AND  INTERMEDIATE  LORE  CELLS 

The  regulation  of  AL  and  IL  B— END— LI  release,  like  the  hiosynthe- 
tic  orocessing  of  the  POriC  orecursor,  appears  to  be  different  for  these 
two  lobes  of  the  nituitarv.  AL  8-END-LI  appears  to  share  common  humoral 
regulatory  mechanisms  with  ACTH  whereas  TL  3-END-LI  is  most  likely 
regulated  by  the  neurons  which  directly  innervate  this  lobe.  Rased  on 
current  knowledge  of  the  anatomy  and  physiology  of  the  pituitary  gland, 
it  is  presumed  that  serotonergic  regulation  of  AL  8-END-LI  is  mediated 
through  its  influence  on  hypothalamic  8-END  releasing  factor(s)  rather 
than  by  a  direct  effect  on  pituitary  corticotrophs . 

In  vitro,  it  was  shown  that  serotonin  had  no  direct  effect  on  the 
spontaneous  release  of  8-END-LI  from  cultured  AL  cells  at  concentrations 
which  fall  within  a  physiologic  range  ( 10_C)-1D“',M) .  At  a  higher  concen¬ 
tration  (10_ftM),  serotonin  did  evoke  significant  release  of  8-END-LI  by 
AL  cells.  However,  this  response  is  likelv  to  be  non-physiologic  since 
CRF,  at  a  concentration  of  in_<N  (one  thousandth  of  that  for  serotoninl 
was  capable  of  stimulating  AL  8-END-LI  release.  The  stimulatory  effects 
of  CRF  on  AL  8-F.ND-LI  release  occurred  over  the  range  of  10~8M-10  -M 
and  confirm  previous  findings  from  other  laboratories  in  which  CRF  was 
demonstrated  to  be  a  potent  stimulator  of  8-END-LI  release  in  vitro 
(Vale  et  al.,  1983)  and  in  vivo  (Rivier  et  al.,  1982).  Together,  these 
results  confirm  the  hypothesis  that  serotonergic  regulation  of  AL  3~END- 
Ll  release  is  mediated  by  a  hypothalamic  mechanism  rather  than  by  a 


direct  effect  on  AL  corticotrophs. 
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It  is  likely  that  serotonergic  control  over  AL  0-END-LI  release 
is  mediated  by  hypothalamic  CRF  since  serotonin  has  been  shown  to  stimu¬ 
late  hypothalamic  CRF  release  in  vitro  (Buckingham  and  Hodges,  1979; 

Jones  et  al.,  1976)  and  in  vivo  (Fuller,  1981).  In  addition,  ascending 
midhrain  serotonergic  pathways  are  known  to  innervate  areas  which  have 
recentlv  been  identified  immunohistochemi cally  to  contain  CRF  cell,  bodies 
(Olschowka  et  al.,  1982).  Furthermore,  the  observation  that  dexametha- 
sone,  a  specific  antagonist  of  CRF-mediated  corticotropin  secretion,  at¬ 
tenuated  the  serotonergic-induced  rise  in  plasma  6-END-LI  (Fig.  21)  in¬ 
dicates  that  at  least  a  part  of  serotonin-stimulated  3-END-LI  release 
involves  CRF.  Other  weaker  secretagogues  of  AL  8-END-LI  release  (vaso¬ 
pressin,  oxytocin,  catecholamines,  angiotensin  II)  have  been  shown  to 
potentiate  CRF's  action  in  vitro  (Vale  et  al.,  1983)  and  in  vivo  (Rivier 
and  Vale,  1983)  suggesting  that  CRF  interacts  with  other  modulators  in 
the  regulation  of  pituitary  B-END-LI.  Thus,  it  is  possible  that  seroto¬ 
nin's  control  over  adenohvpnphysial  8-END-LI  release  is  mediated  through 
its  influence  on  CRF,  the  major  physiologic  releaser  of  B-END-LI,  and/ 
or  other  substances  which  modulate  CRF  action. 

The  recent  renort  that  a  specific  high  affinitv  serotonin  untake 
system  exists  in  rat  anterior  pituitarv  tissue  (Johns  et  al.,  lqc*2)  raises 
the  possibility  of  a  direct  effect  of  serotonin  on  the  pituitary  as  was 
observed  with  the  highest  concentration  of  serotonin  on  cultured  AL  cells 
(Fig.  22).  However,  it  is  possible  (although  not  proven)  that  these  ser¬ 
otonin  binding  sites  are  located  on  serotonin-rich  mast  cells  present  in 
pituitary  vasculature  (Bjorklund  et  al.,  lQ73)  or  on  pituitarv  blood 
vessels  since  serotonin  receptors  do  exist  on  peripheral  blood  vessels 
(Westlund  and  Childs  1982).  The  influence  that  these  vascular  serotonin 
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receptors  may  have  on  corticotropic  (3-END-LI  release  is  uncertain  and 
dubious . 

The  observation  that  neither  CRF  or  serotonin  were  able  to  alter 
the  spontaneous  release  of  B-F.ND-LI  from  cultured  NIL  cells  (Fig.  221 
suggests  that  if  CRF  and  serotonin  are  involved  in  the  regulation  of  NIL 
B-END-LI  then  this  regulation  is  most  likely  mediated  bv  the  dopaminergic 
neurons  directly  innervating  the  IL.  In  addition,  it  mav  be  possihle 
that  not  high  enough  concentrations  of  CRF  and  serotonin  were  used  to 
evoke  the  release  of  8-END-LI.  Recent  reports  show  that  CRF  is  a  weak, 
releaser  of  NIL  8-END-LI  (Vale  et  al . ,  1^33)  and  a-MSH  (Meunier  et  al., 
1982;  Proux-Ferland  et  al.,  1982)  in  vitro.  However,  it  is  unknown 
whether  CRF  regulation  of  pars  intermedia  B-END-LI  and  ot-MSH  secretion 
occurs  in  vivo  since  considerably  higher  concentrations  of  CRF  are  re¬ 
quired  to  stimulate  B-END-LI  release  from  cultured  IL  than  AL  cells. 

Since  the  IL  has  little,  if  any,  contact  with  the  hypothalamic-hypophy¬ 
sial  portal  blood  system  where  CRF  and  other  hypothalamic  hormones  are 
released,  then  CRF  regulation  of  IL  melanotrophs  would  most  likelv  be 
mediated  directly  by  CRF  neurons.  Presently,  it  is  unknown  whether  CRF 
nerve  terminals  innervate  the  pars  intermedia  or  any  other  portion  of  the 
pituitary  gland. 

Interestingly,  the  TL  is  directly  innervated  hv  serotonin  neurons. 
Mezey  et  al.  (1983)  have  recently  detected  serotonin-containing  nerve  fi¬ 
bers  and  terminals  in  the  rat  pituitary  intermediate  lobe  hv  light  and 
electron  microscopic  immunohistochemistry.  Their  findings  further  indi¬ 
cate  that  the  origin  of  these  serotonergic  nerve  fibers  is  from  the  CNS 
suggesting  that  these  neurons  may  serve  to  regulate  IL  function.  How¬ 
ever,  others  have  failed  to  show  that  serotonin  can  modify  the  release 
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of  IL  B-END  LI  in  vitro  (Vale  et  al.,  1979).  Together  with  the  present 
observations,  the  findings  suggest  that  although  serotonin  nerve  fibers 
innervate  the  IL,  these  neurons  apparently  exert  little  effect  on  the 
release  of  8-END-LI  from  this  lobe  Ln  vivo.  Conversely,  catecholaminergic 
neurons  densely  innervate  the  pars  intermedia  (Howe,  1973)  and  are  known 
to  directly  influence  IL  B-END-LI  (Pettibone  and  Mueller,  1982)  and  ct-MSH 
(Cote  et  al • ,  1982)  release  in  vitro .  These  and  other  in  vivo  data 
indicate  that  hypothalamic  dopaminergic  and  noradrenergic  neurons  exert 
direct  and  reciprocal  control  over  a -MSH  and  B-END-LI  secretion  from  the 
IL  (Vale  et  al.,  1979;  Vermes  et  al.,  1980;  Tilders  and  Smelik,  1977; 

Farah  et  al.,  1982).  Together  these  findings  indicate  that  catechol¬ 
aminergic  neurons  are  probably  physiologically  important  regulators  of 
IL  B-endorphin  release.  The  present  observations  that  neither  CRF  nor 
serotonin  significantly  altered  IL  B-END-LI  release  in^  vitro  at  the 
concentrations  applied  suggest  that  these  neurons  probably  are  not  phy¬ 
siologically  important  regulators  of  IL  3-END-LI  release  i^n_  vivo . 
Consistent  with  this  is  the  observation  that  serotonergic  drugs  which 
elevate  plasma  levels  of  0-END-LI,  lower  AL  but  not  NIL  content  of 
B-END-LI  (Petraglla  et  al.,  1982). 

In  summary,  serotonergic  control  of  AL  B-END-LT  release  ts  most 
likely  mediated  via  serotonergic  control  over  the  release  of  B-endorphin 
releasing  factor(s),  prohahly  CRF,  into  hvponhvsial  portal  blood.  Con¬ 
versely,  CRF  and  serotonin  neurons  mav  participate  in  the  regulation  of 
IL  B-ENO-LI  bv  modulating  the  activity  of  noradrenergic  and  dopaminergic 
neurons  known  to  directly  influence  the  release  of  B-END-LI  from  this 


lobe . 
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CONCLUSIONS 

I  he  present  data  indicate  that  serotonin  neurons  are  involved  in 
the  basal  and  stress-induced  release  of  pituitary  0-endornhin.  The  ob¬ 
servation  that  serotonin  neurons  preferentially  stimulate  the  release  of 
0-END-LI  from  the  anterior  lohe  which  is  the  predominant  pituitary  source 
for  the  analgesic  form  of  0-endorphin  further  suggest  that  the  analgesia 
associated  with  serotonergic  activation  and  stress  mav  he  mediated,  at 
least  in  pare,  by  the  release  of  pituitary  0-endorphin.  These  findings 
provide  evidence  for  the  existence  of  a  functional  relationship  between 
serotonin  neurons  and  behavioral  analgesia  involving  pituitary  0-end- 
orphin. 

A  summary  diagram  illustrating  the  possible  relationships  between 
brain  serotonin  neurons  and  pituitary  opiate  peptides  participating  in 
endogenous  mechanisms  of  analgesia  is  shown  in  Figure  24.  Descending 
serotonin  neurons  (from  the  Nucleus  Raphe  Magnus)  are  known  to  modulate 
nociception  at  the  spinal  cord  level  by  inhibiting  pain  transmitting 
neurons  (primary  afferent  substance  P-containing  neurons)  in  the  dorsal 
horn.  This  inhibition  is  most  likelv  mediated  through  an  enkephalinergic 
interneuron.  The  pain-transmitting  neurons  proiect  to  supraspinal  levels 
and  indirectlv,  via  the  N.  Reticularis  gigantoceliularis ,  contact  the 
cells  of  the  descending  analgesia  svstem  in  the  periaqueductal  grav  and 
N.  Raphe  Magnus  thus  establishing  a  negative-f eedhack  loop.  Activation 
of  the  primary  afferent  oain-transmitting  neurons  by  noxious  stimulation 
(detected  by  peripheral  pain  receptor)  turns  on  the  descending  pain-sup¬ 
pression  system  which  effectively  blocks  further  pain  transmission  at 
the  spinal  cord  level.  Ascending  serotonin  neurons  (most  likely  the 
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Dorsal  and  Median  Raphe  Nuclei)  may  modulate  nociception  by  stimulating 
the  release  of  opiate  active  e-END^j.  from  the  anterior  lobe  of  the 
pituitary  gland  into  blood.  The  release  of  anterior  lobe  0-END1_3l  is 
most  likely  mediated  through  serotonergic  regulation  of  hypothalamic  CRF , 
a  known  potent  physiologic  stimulator  of  ACTK  and  B-END.  Pituitary  6 -END 
nav  enter  the  ONS  either  through  retrograde  flow  up  the  hypoohvsial  por¬ 
tal  vessels  into  the  hypothalamus  or  by  penetration  of  less  permeable 
sites  of  the  hlood-brain  harrier.  Within  the  CNS,  B-END  mav  hind  to 
opiate  receptors  located  in  the  periaqueductal  gray,  an  area  known  to 
produce  analgesia  upon  electrical  stimulation  or  the  administration  of 
opiate  peptides,  and/or  bind  opiate  receptors  which  would  activate  sero¬ 
tonergic  neurotranmission  in  the  N.  Raphe  Magnus  and  thereby  facilitate 
pain  suppression  at  the  suinal  cord  level.  Binding  of  3-END  to  opiate 
receptors  in  the  limbic  lobe  may  alter  the  perception  of  pain.  Outside 
the  CNS,  hlood-borne  13-END^_3^  may  desensitize  peripheral  pain  receptors 
and  further  modulate  nociception.  Circulating  3-END-LI  may  serve  an 
important  function  in  areas  unrelated  to  analgesia.  Some  of  these  func¬ 
tions  may  include  its  action  on  the  adrenal  gland  to  stimulate  cortico¬ 
sterone  release,  on  gastrointestinal  tissues  to  modulate  01  notilitv  and 
pancreatic  release  of  glucagon,  and  on  cardiovascular  tissues  to  regulate 
peripheral  cardiovascular  function.  In  addition,  hlood-borne  3-ENP 
mav  plav  a  role  in  the  immune  response  and  thus  provide  a  functional 
link  between  the  endorine  and  immune  systems. 

In  summary,  serotonergic  regulation  of  anterior  lobe  3-endor- 
phin^_3j  release  may  he  an  important  part  of  an  endogenous  analgesia 
mechanism  involving  CNS  and  peripheral  sites  of  action  for  circulating 
i3-endorphin^_3i  which  contribute  to  the  animal's  global  response  to 


Figure  24.  A  summary  diagram  illustrating  the  possible  relationships  between  brain  serotonin 
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pain  and  stress.  Other  unknown  physiologic  functions  of  pituitary  B-END- 
LI  which  are  unrelated  to  analgesia  or  stress  adaptation  but  involve 
serotonin  neurons  may  also  exist.  Of  particular  interest  are  the  pos¬ 
sible  physiological  functions  for  circulating  8-LPH  which  remain  to 
be  determined.  The  observation  that  serotonergic  and  stress  stimuli 
evoke  a  dramatic  release  of  3-l.PM  suggests  that  this  hormone  may  serve 
an  important  physiologic  role  within  the  body. 
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Abbreviation 

ACTH 

ADH 

AL 

3-END 

B-END-LI 

0-LPH 

CLIP 

CNS 

CRF 

5,7-DHT 

DRN 

5-HIAA 

5-HT 

5-HTP 

icv 

IL 

ip 

leu -enkephalin 

L-AADC 

MAO 

met-enkephalin 


LIST  OF  ABBREVIATIONS 


Term 

adrenocorti cotropin 
aldehvde  dehydrogenase 

anterior  lobe  of  pituitary  (pars  distalis) 
6-endorohin 

B -endorphin -like  immunoreact ivity 
B-lipotropin 

corticotropin-like  intermediate  lobe  peptide 
central  nervous  system 
corticotropin-releasing  factor 
5, 7-dihydroxvtryptamine;  serotonin  neurotoxin 
dorsal  raphe  nucleus 

5-hydroxy indoleacetic  acid;  serotonin  meta¬ 
bolite 

5-hvdroxy trvotamine ;  serotonin 

5-hvdroxtrvptophan;  serotonin  precursor 

in t ra-cerebro-ven tri cula r  administration 

intermediate  lobe  of  pituitary;  pars  inter¬ 
media 

intraperi toneal  administration 
leu cine -enkephalin 

L-aromatic  amino  acid  decarboxvlase 
monoamine  oxidase 
methionine -enkephalin 
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Abbreviation  Term 


MRN 

Median  raphe  nucleus 

MSH 

melanocyte-stimulating  hormone 

NIL 

neurointermediate  lobe  of  pituitary 
(pars  intermedia  plus  pars  nervosa) 

NRM 

Nucleus  raphe  magnus 

OA 

opiate  analgesia;  morphine  analgesia 

PAH 

periaqueductal  grav  area 

PCPA 

para-chlorophenylalanine ;  serotonin  biosyn¬ 
thesis  inhibitor 

POMC 

pro-opiomelanocortin;  31K  S-enHorphin 
precursor 

R1A 

radioimmunoassay 

SPA 

stimulation-produced  analgesia 

TOH 

tryptophan  hydroxvlase 

TRYP 

tryptophan 

APPENDIX  II 


0-ENDORPHIN  RADIOIMMUNOASSAY 

REAGENTS  AND  MATERIALS 

Assay  buffer:  0.05M  phosphate  buffer  containing  0.05%  bovine  serum 

albumin  (BSA) ,  0.02%  sodium  azide  and  5  mg%  bacitracin;  pH  7.3 

Dissolve  in  four  liters  of  distilled  water  the  following: 

6.62  g  monobasic  sodium  phosphate  (NaH9P04-H?0;  Fisher  Scientific 
Co.,  Fair lawn,  NJ) 

21.58  g  dibasic  sodium  phosphate  (Na2HP04;  Fisher  Scientific  Co.) 

200  mg  bacitracin  (Sigma) 

0.80  g  sodium  azide  (Sigma) 

2.0  g  bovine  serum  albumin,  fraction  V  (Sigma) 
g-F,ndorphin  antibody  (C-55):  initial  concentration  of  1:20,000  in  assav 
buffer;  100  pi  pipetted  into  assav  reaction  mixture  to  final  volume  of 
500  ul.  Final  antibody  concentration  of  1:100,000. 

Radiolabeled  B-endorphin ) :  15,000-20,000  counts  per  minute  per 

100  pi  assay  buffer. 

Heat-inactivated  horse  serum  (HIHS;  GIBCO)  or  plasma  from  hypophysectomi2ed 

rats  (Hormone  Assay  Labs,  Chicago,  IL):  50-lf)0  pi  added  to  standard  curve 

and  each  non-plasma  sample  tube  to  control  for  plasma  binding  effects. 

Charcoal:BSA  (1:0.1):  0.55  g/100  pi  0.05M  phosphate  buffer 

Phosphate  buffer:  6.62  g  monobasic  sodium  phosphate  and  21.58  g 
dibasic  sodium  phosphate  dissolved  in  4  liters  of  distilled  water 

Charcoal/BSA  mixture:  in  g  activated  charcoal  U.S.P.  (Mai linckrodt , 
Inc.,  St.  Louis,  M0)  and  1  g  BSA  mixed  together 

Test  tuhes:  12x75  mm  disposable  horosilicate  glass  culture  tubes 

(Scientific  Products,  McGaw  Park,  TL) 

PROCEDURE  FOR  STANDARD  CURVE 

Camel  S-endorphinj_3j  (Peninsula  Labs,  San  Carlos,  CA)  dissolved  in  assav 
buffer  to  concentrations  of  6  pg,  10  ng,  30  pg,  60  pg,  100  ng,  300  pg, 


600  pg  and  1  ng  standard  per  100  pi  assay  buffer. 


1*  Total  counts  tubes  (in  duplicate)  contain  100  pi  tracer 

2.  Nonspecific  binding  tubes  (in  duplicate)  contain  100  pi  tracer  plus 
350  pi  assay  buffer  plus  50  pi  HIHS 

3.  Specific  binding  tubes  (in  duplicate)  contain  100  pi  antibody,  100  pi 
tracer,  250  pi  assay  buffer  and  50  pi  HIHS 

4.  Standard  curve  tubes  (in  duplicate)  contain  100  pi  of  (1-endorphin 
standard,  150  ul  assay  buffer,  100  pi  antibody,  100  pi  tracer  and 
50  pi  HIHS 

PROCEDURE  FOR  SAMPLE  TORES 

1*  50  pi  and  100  pi  samples  or  100  pi  and  200  pi  samples  pipetted  into 

test  tubes  in  duplicate 

2.  50  pi  of  HIHS  or  100  pi  plasma  from  hypophysectomized  rats  added  to 
non-plasma  sample  tubes 

3.  Assay  buffer  added  to  bring  total  reaction  mixture  volume  to  500  pi 
for  all  sample  tubes 

4.  100  pi  antibody  added  to  each  tube 

5.  100  pi  tracer  added  to  each  tube 

6.  All  assay  test  tubes  (samples  and  standard  curve)  vortexed  and  in¬ 
cubated  (see  below). 

INDURATION 

1.  Assays  containing  plasma  samples  incubated  72  hrs  at  4°C 

2.  Assavs  containing  chromatography  elution  profiles,  tissues  or  cul¬ 
ture  media  samples  incuhated  at  room  temperature  (37°C)  tor  24  hrs. 

PROCEDURE  FOR  SEPARATION  OF  FREE  FROM  ANTIBODY-BOUND  RADIOACTIVITY 

1.  1  ml  of  charcoal/BSA  mixture  added  to  all  test  tubes  except  total 


counts  tubes  and  vortexed 


2.  Test  tubes  allowed  to  sit  for  30  min  and  then  centrifuged  for  30 
rain  at  2500  RPM 

3.  Supernatants  decanted  into  test  tubes  and  ^5f  radioactivity  (gamma 
wave  emittance)  measured  on  a  Gamma  counter  (Searle  Analytic  Inc.) 


CALCULATIONS 


Standard  curve  plotted  (pg  6-END  vs.  counts)  on 
Amount  of  6-END  in  sample  tubes  determined  from 
corrected  to  ng  8-END-LI/ml  for  plasma  samples; 
elution  profiles;  ng  6-END-LI/plate  for  culture 


semi-log  paper, 
standard  curve  and 
ng  6-END-LT/f raction  for 
media,  and  ng  8-EMD-LT 


per  mg  protein  for  tissue  content. 
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S PECTROFLUOROMF.TR I C  SEROTONIN  ASSAY 

REAGENTS 

Acid  butanol  —  1  liter  butanol  plus  0.85  ml  concentrated  hydrochloric 
acid  (HC1 ) 

0.5M  Phosphate  buffer  -  titrate  dibasic  0.5M  phosphate  with  monobasic 
0.5M  phosphate  to  pH  7.5 

1%  Cysteine  -  0.1  g  L-cysteine  (Sigma)  dissolved  in  10  ml  0.1N  HC1 

OPT  solution  —  4.0  mg  0— phthaldialdehvde  (A  grade,  Calbiochem,  San  Diego, 

CA)  dissolved  in  100  ml  concentrated  HC1 

Stock  serotonin  standard  -  43. 97  mg  serotonin  creatinine  sulfate  (Sigma) 
in  100  ml  of  0.1  N  MCI  (20  mg  free  base/100  ml),  store  at  4°C  for  up 
to  three  weeks 
PROCEDURE  FOR  BRAIN  SAMPLES 

1.  Homogenize  brain  (about  1.7  g  tissue)  in  7.0  ml  acid  butanol  and 
keep  on  ice 

2.  Centrifuge  homogenate  at  17,000  RPM  for  20  min  at  4°C 

3.  Transfer  3.0  ml  of  supernatant  into  a  glasc  screw  cap  test  test 
containing  2.5  ml  of  0.1N  HC1  and  6.0  ml  heptane 

4.  Shake  for  10  min 

5.  Centrifuge  at  maximum  speed  in  an  International  Clinical  Centrifuge 
(IEC,  Needham  Hts.,  MA)  for  5  min 

6.  Draw  off  organic  nhase  hy  suction  and  transfer  l.ml  anueous  ohase 
into  a  glass  screw  cap  test  test  containing  100  ul  of  IX  cvsteine 

7.  Add  2.0  ml  OPT  solution,  mix  and  cap 

8.  Heat  for  10  min  in  100°C  water  hath  with  lid  on 

H.  Cool  to  room  temperature  and  read  sample  fluorescence  at  355  nm 


excitation  and  470  nm  emission 


PROCEDURE  FOR  HYPOTHALAMIC  SAMPLES 

1.  Homogenize  hypothalamus  in  2.0  ml  acid  butanol 

2.  Rinse  with  1.0  ml  acid  butanol  and  combine  with  initial  homogenate 

3.  Centrifuge  at  17,000  RPM  for  20  min  at  4°C 

4.  Transfer  supernatant  (2.0  ml)  to  a  glass  screw  cap  test  tuhe  con¬ 
taining  2.5  ml  of  0.1N  HC1  and  6.0  ml  heptane 

Procede  to  step  4  in  the  procedure  for  brain  samples 
PROCEDURE  FOR  STANDARDS 

1.  Dilute  serotonin  stock  solution  1:100  with  0.1  N  HC1.  Pinal  concen¬ 
tration  of  'working'  standard  solution  is  200  ng/10O  pi 

2.  Serotonin  standard  curve:  place  0  pi,  25  pi,  50  pi  and  10O  pi 

of  working  standards  (in  duplicate1)  into  elass  screw  cap  tent  tubes 
containing  0.1  ml  1 7,  cysteine  and  1.0  ml,  0.975  ml,  n.950  ml  and 
0.900  ml  0.1N  HC1.  The  standard  tubes  will  contain  0  ng,  50  ng, 

100  ng  and  200  ng  serotonin,  respectively.  Begin  at  seen  7  in  the 
procedure  for  brain  samples 

3.  Internal  standards  -  to  determine  percent  recovery  for  brain  extraction 
procedure.  Place  in  duplicate,  0  pi,  100  pi,  and  200  pi  of  working 
serotonin  standard  (0  ng,  200  ng  and  400  ng  serotonin)  into  glass 
screw  cap  test  tubes  containing  3.0  ml  acid  butanol,  6.0  ml  heptane 
and  2.5  ml,  2.4  ml  and  2.3  ml  0.1N  MCI,  respectively.  Begin  at  step 

4  in  the  procedure  for  brain  samples 

4.  Internal  standards  -  to  determine  percent  recoverv  for  hypothalamus 
extraction  procedure.  Place,  in  duplicate,  0  pi,  50  pi  and  100  pi 

of  working  serotonin  standard  (0  ng,  100  ng  and  200  ngl  in  glass  screw 
cap  test  tubes  containing  3.0  ml  acid  hutanol,  6.0  ml  heptane  and 
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1.5  ml,  1.45  ml  anad  1.4  ml  0.1N  HC1,  respectively.  Begin  at  step 
4  in  the  procedure  for  brain  samples 
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